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ABSTRACT
DIRECT PRINTING/COATING/PLATING OF KEY COMPONENTS FOR
ELECTRONIC DEVICES

MAY 2021
XIYU HU, B.S., JILIN UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor JAMES J. WATKINS

Miniaturization has been a technological trend for several decades for electronic
devices. From the practical point of view, the successful miniaturization of fully integrated
systems mainly depends on their components. This dissertation examines the inkjet
printing of copper oxide inks on flexible substrates for applications in microfluidic valving
systems. We expand the knowledge of low-cost and high-performance electrowetting
valves and fabricate the microfluidic device for fluidic control, which is necessary to enable
the next-generation microfluidic devices. In addition, we also study the electromagnetic
interference (EMI) shielding material, which is a crucial part of electronic devices. The
basic theory of EMI shielding is discussed in this dissertation. We explore the high-

x

performance shielding materials with novel fabrication methods, such as spray coating,
laser carbonizing and electroplating.
Chapter 1 describes the fabrication of flexible inkjet-printed copper electrowetting
valves. We study the effects of dielectric layer thickness as well as applied voltage to the
contact angle decreasing process. Taking this one step further, an electrowetting valve with
two controlled channels is described for demonstration.
Chapter 2 explores the fabrication of high-performance EMI shielding material of
silver-coated carbon fiber fabrics (CFFs) via spray coating. EMI shielding theory is
discussed in detail. The silver/CFF composite material is introduced at the lab-scale as well
as at the roll-to-roll large fabrication scale.
Chapter 3 introduces the high-performance optically transparent copper mesh. The
laser carbonizing and electroplating techniques are described. We study the effect of
different patterns to the EMI shielding performance.
Chapter 4 evaluates the EMI shielding performance of graphite/polymer
composites. Microwave exfoliation and acid treatment are explained from the mechanism
aspect. Furthermore, future work is described for potential improvement on their
performance.
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CHAPTER
1 FABRICATION OF FLEXIBLE INKJET-PRINTED
COPPER ELECTROWETTING VALVE
1.1 Introduction
1.1.1 Electrowetting Devices
Miniaturization first started out in the microelectronics field and was extended to
microelectromechanical systems (MEMS), where automation and integration are
significantly important in the process of fabricating microfluidics devices as well as for the
performances of products.1, 2 However, one of the stumbling blocks for miniaturization in
MEMS is the fabrication of reliable microvalves.3, 4 Due to the significant increase in
surface-to-volume ratio for droplets with submillimeter sizes,5 where capillary forces
dominate,6 making reliable microvalves became even more challenging and important.
There is a large number of different microvalves. Basically, these are categorized into two
types: active microvalves and passive microvalves. The main difference between them is
the actuation process. Active microvalves are controlled by a membrane, whereas passive
microvalves are determined by the fluid itself. Among those different microvalves, passive
capillary microvalves, which control the fluid in a channel by changing the properties or
geometries of the surface, became very promising and attractive recently.3 A large number
of researches are focused on developing microfluidic valves depending on the capillary
forces to control the fluidic flow within the channel, thus, the external pump systems are
unnecessary,7, 8 which offers advantages of portable, low cost and easy-to-integrate for the
devices.
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Electrodes form the main part of the electrowetting valves. Traditional methods to
fabricate these conductive electrodes include photolithography, which is a complicated
process and essentially not roll-to-roll (R2R) compatible. Moreover, the clean room
environment is required for such a process, adding further limitations to this procedure.9
On the other hand, printing techniques, e.g., screen printing and inkjet printing, attract
great attention for their low cost, high throughput, and flexibility in the pattern design.
Especially for inkjet printing, which offers a more accurate and programable way during
the printing process. Moreover, they are almost chemical waste-free, which makes them
more valuable in the electrode making process.10
Choosing a proper ink to be printed as the electrode is another crucial thing that we
need to consider in electrode making process. The first requirement for the electrode is
high conductivity to have a fast response for activation. Silver and copper are known as the
two most conductive metals, followed by gold in the third place. However, silver is
extremely expensive, not to mention gold, which limits their practical use. Moreover, the
natured abundance of copper provides advantages compared with silver. Thus, copper
becomes a far more common and popular choice in conductive electrodes.
Normally, copper ink will be printed in the form of copper oxide followed by a
post-processing step due to its rapid oxidation within the environment. The conventional
heating method, which requires high temperatures (higher than 120°C) and long heating
time, is not compatible with R2R system, thus not a beneficial choice. Other methods, such
as laser beam sintering that is time-consuming; microwave heating that requires high
quality printed electrode; and electrical sintering that results in uneven heat distribution,
are also not efficient choices.11 Compared with the curing methods that were mentioned
2

above, intense pulsed light (IPL) sintering attracts more attention for their extremely high
efficiency as well as R2R compatibility. IPL sintering uses flashlamps (200-1500 nm) to
thermally treat a thin film at a high temperature within milliseconds, while keeping the
temperature of the substrate low. This is crucial especially for printed electronics, where
inexpensive flexible and low-temperature substrates, such as paper and poly(ethylene
terephthalate) (PET), are widely used. Using IPL sintering technique can process a thin
film above 1,000°C on the surface of such substrates without damaging it. This can happen
since most inexpensive substrates cannot readily absorb light. The pulsed light is fast
enough to keep the temperature of the substrate lower than their working temperature.
Though the temperature of the substrate at the interface with the thin film reaches over
their working temperature, there is no significant change in its properties within such short
time. Figure 1.112 shows the simulated pulsing profile and temperature profile under the
sintering condition of 370 V (4.12 J/cm2).
Furthermore, chemical transformations of printed copper oxide (CuO) into metallic
copper (Cu) will be triggered and modulated under IPL treatment. IPL sintering effect has
been reported for various metals, such as silver13, copper14 and semiconductors.15 These
studies have shown that structural transformation of nanomaterials occurs after sintering
and grain growth, resulting in electrical properties close to their bulk materials. Research
has shown that IPL can be used to control the reduction of CuO nanocrystals to Cu
nanocrystals via cuprous oxide (Cu2O) as an intermediate. By increasing the light exposure
energy to 1300 J/pulse, a complete conversion of CuO to Cu can be achieved, which is
confirmed by X-Ray diffraction (XRD) in figure 1.2.16 Moreover, this chemical
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transformation occurs under room temperature at air atmosphere, which makes it broadly
attracted for industry.

Figure 1.1 Simulated pulsing profile and temperature profile under 370 V, 5500 µs, 4.12
J/cm2, 20 pulses, and 50% duty cycles. Reproduced from Ref. [12].

Figure 1.2 (a) XRD patterns for copper oxide films under IPL sintering of different
energies. (b) Proportion of the detected crystalline phases as evaluated from the XRD data.
Reproduced from Ref. [16]

1.1.2 Fluoropolymers and their Copolymers
Fluoropolymers are polymers that contain fluorine atoms in their polymer chains.
They are often semi-crystalline thermoplastics and possess outstanding material properties,
such as chemical resistance, durability, neutral electrical charge, thermal stability (range
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from -270°C-290°C), photochemical stability, low friction coefficient, non-stick
characteristics, negligible residual monomers and low surface energy (poor wetting for
water and oils),17 which are mainly contributed by their chemical structure. The covalent
bond between carbon and fluorine is the strongest compared with bonds between carbon
and any other atoms, which offers unique intermolecular and intramolecular interactions
between the polymer chains and fluorinated segments, respectively.18 Fluoropolymers have
made major roads for the development of materials and have the performances that no other
material is capable of. Therefore, they have become extremely popular for surface coating
applications. For example, the discovery of polytetrafluoroethylene (PTFE) (Teflon) in
193819 significantly increased the usage of fluoropolymers. PTFE was used during World
War II to handle UF6, which is extremely corrosive to metal and difficult to purify. After
that, in 1953, another new fluoropolymer, polychlorotrifluoroethylene (PCTFE) was
synthesized via free radical polymerization and is broadly used in industry. PCTFE
contains chlorine atoms in the fluoropolymer chain, which makes it more processable due
to its lower melting temperature compared with PTFE.20 Then in 1960, researchers started
to look for fluorinated polymeric blends to explore the new properties of fluoropolymers.
The first PTFE copolymer was prepared via the free radical polymerization by the addition
of hexafluoropropylene (HFP) and the synthesized copolymer was mainly used as an
insulator. The fluorinated ethylene propylene (FEP) copolymer improved the properties of
PTFE homopolymer, which with lower molecular weight, FEP has better processability
compared with PTFE itself. Specifically, FEP was found to be useful as fire-resistant wire
and cable insulation.21 Right after this, polyvinyl fluoride (PVF) (Tedlar) was introduced
by DuPont in 1961, and it was mainly used as a coating material for metals.22 Compared
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to PVF, polyvinylidene fluoride (PVDF) has two fluorine atoms bonding to the same
carbon atom within the polymer chain, which makes it perform differently from PVF, such
as lower melting temperature. Compared with other fluorinated polymers/copolymers,
PVDF maintains chemical and thermal resistance properties with lower amounts of
fluorine. Moreover, the mechanical strength was enhanced compared with other
fluoropolymers, which is mainly due to the hydrocarbon-based chain structure.
Furthermore, the interesting electronic properties were found in PVDF, which provide
good performances in electronic devices.23 Later on, Nafion, which is a fuorocopolymer of
PTFE containing sulfonate groups at the backbone chain, was discovered by Walter Grot
at DuPont. It was the first synthetic ionomer (ionic polymer) with the property of highly
conductive to cations, which made it suitable for the applications such as fuel cells and
membranes.18 Nevertheless, a large number of fluorinated polymers and their copolymers
are being applied in broad industrial areas including architectural coating, chemical
industry for valve devices, wire industry, aerospace and electronic industry.
For microfluidic valve devices, fluoro-contained monomers are commonly used to
modify the surface of metallic electrodes to obtain a low surface energy material due to
their hydrophobic nature when self-assembled into a monolayer. Merian et al24 fabricated
a microfluidic valve, which was made of 1H,1H,2H,2H-perfluorodecanethiol (PFDT)
modified silver electrodes. Based on the principle of electrowetting, this valve could be
actuated under 4V. Later on, He et al25 also fabricated a PFDT modified silver electrode
microfluidic valve. Combining with a rapid lateral-flow immunoassay, this valve can be
used for the detection of T7 bacteriophage in colorimetric form.
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1.1.3 Theory of Wetting
Wetting is a process of the interaction between a liquid and a surface, and it attracts
a great attention due to its strong applications in our daily life as well as many industrial
areas, such as coating and painting. Surfaces are closely correlated with energy since work
needs to be done to create them. Thus, the work needed for the formation of that surface is
defined as surface energy.26 When dealing with liquids, most of the time, we use the
concept of surface tension instead of surface energy.27 For example, there are basically two
types of atoms in a liquid: inside the bulk or at the surface. For those atoms inside the bulk,
the cohesive forces are applied equally and canceled out in all directions resulting in zero
net force on those atoms. Different from that, the atoms at the surface have no cohesive
forces above them (figure1.3). Therefore, cohesive forces from below tend to drag the
atoms inward. Due to those inward forces, the surface tends to contract and minimize its
area.

Figure 1.3 Force distribution for atoms at the surface and inside the bulk.
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In wetting, we normally work with droplets, which are partially wet on planar solid
substrates. In most cases, these droplets are aqueous salt solutions with submillimeter
dimensions. The free energy (F) of the droplet depends on its shape, which is only
determined by surface tension, and it can be expressed by equation:5
𝐹 = 𝐹𝑖𝑓 = ∑𝑖 𝐴𝑖 𝜎𝑖 − 𝜆𝑉

(1.1)

Where Ai are the areas of interfaces between solid substrate (s), liquid (l) and ambient phase
(v), and σi represents the relevant interfacial energy. λ presents here to maintain the
constraint of constant volume. In theory, by minimizing variations in equation (1), we can
achieve a well-known condition, which is given by Young’s equation:5, 28
cos 𝜃𝑌 =

𝜎𝑠𝑣 −𝜎𝑠𝑙
𝜎𝑙𝑣

.

(1.2)

Based on this equation, the contact angle, which is the angle at where solid, liquid, and
ambient phase meet, of any liquid in direct contact with a solid surface at their equilibrium
state can be calculated. Conventionally, this contact angle can be measured from liquid
side to characterize the performance of droplet on solid surface. High value of contact angle
demonstrates low solid-vapor interfacial tension, in another words, the surface ‘dislikes’
the liquid and tends to repel it. On the other hand, low contact angle means that the liquid
tends to spread on the solid’s surface, thus shows a good adhesion between the liquid and
solid. From the surface energy aspect, the liquid needs to have a lower surface energy
compared with solid surface to wet a substrate.
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1.1.4 Theory of Electrowetting
Modern electrowetting (EW), which is a phenomenon of manipulating surface
wettability by applying electric energy,29 was first built up by Gabriel Lippmann in 1875.30,
31

Followed after him, experiments based on liquid droplets in direct contact with

conductive electrode became promising. Figure 1.4 (a & b) shows the arrangement of this
experiment: an electrolyte droplet (normally aqueous salt solution) directly residing on top
of a solid surface. There is a thin layer (5-100 Å) of electric double layer (EDL), which are
automatically generated at the liquid-solid interface.32 By adjusting the applied voltage
between liquid and electrode, the droplet shape is controlled, which is closely related to the
surface tension, thus changing the contact angle of the droplet.5, 33 However, electrolysis
of the liquid happens when the applied voltage has a few hundred millivolts. In order to
overcome this obstacle, Berge34, who introduced a thin layer of dielectric film between a
liquid and a conductive electrode, which is known as electrowetting on dielectric (EWOD)
(figure 1.4(c & d)). By this method, the droplet and the dielectric layer is regarded as
resistor and capacitor respectively in series within a circuit. Due to this insulating layer,
the voltage being applied to the droplet was largely decreased, thus improve the electrolysis
problem. It is worth mentioning that the properties of the insulating layers are much more
important compared with other parameters such as the concentration of the aqueous salt
droplet. One of the frequently used insulating layers is fluorinated material, such as
PFDT,25 which can graft to the surface of electrode through the interactions between thiolnoble metal, and provide high contact angle for the droplet, thus a large contact angle
decrease will be observed after applying the voltage.5, 35
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Figure 1.4 Surface configuration and experiment set up for (a & b) EW and (c & d) EWOD.
For example, our initial experiment used PFDT as dielectric layer to modify the
surface of copper electrodes under solution-based 12 mM PFDT (in ethanol solvent). We
design the hydrophobic electrode and hydrophilic electrode on two separate substrates
(figure 1.5(a)). We modified the top Cu electrode within 12 mM PFDT solution to
hydrophobic electrode. Then we aligned the bottom Cu electrode and the top electrode with
a layer of PSA in between, which was laser cut with a 1 mm wide channel (figure 1.5(b)).
The negative and positive poles were connected with the hydrophobic and hydrophilic Cu
electrodes, respectively. Figure 1.5(c) shows that without application of the voltage, the
blue color dyed KCl solution stopped at the front of hydrophobic electrode. Once we
applied the voltage (figure 1.5(d)), the valve was actuated and the blue KCl solution passed
the hydrophobic electrode. Though this solution-based modification process is simple and
10

effective, it has several drawbacks. Firstly, within the solution, Cu electrodes tend to have
delamination issues, causing the electrodes fall off from the substrate. Secondly, the PFDT
modification is not homogeneous over the whole area of Cu electrodes, it can be found out
based on the contact angle measurement, where some area of the Cu electrodes still
maintain hydrophilic property after PFDT modification. Last and most importantly, we
cannot control the thickness of the dielectric layer, which is closely related to the response
rate of contact angle decreasing process under the applied voltages. Thus, a more
controllable surface modification method is needed.

Figure 1.5 (a) Illustration of the electrowetting valve design. (b)-(d) Electrowetting valve
actuation process.

1.1.5 Dielectric Layer Coating: i-CVD (Chain Growth Polymerization)
To solve the issues of the solution state modification about the dielectric layer
coating that are mentioned in the previous section, we take the advantage of a relative new
concept of dry method: initiated chemical vapor deposition (i-CVD). This polymer film
producing method resembles the synthesis of polymers from solution, while involving
vapor-phase delivery of monomers and initiators into the reaction chamber. Figure 1.6
shows the schematic representation of the i-CVD reactor setup. Monomers and initiators
were delivered into the reaction chamber as vapor phases by using either the manually
controlled valves, or the heated mass flow controllers (MFCs). A series of filaments were
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aligned parallel over the substrate stage and resistively heated (200-400°C) to decompose
the initiator. The deposited surface is placed at a low temperature (20-70°C) to promote
the adsorption of the monomers. During the deposition process, a silicon wafer is used to
reflect laser signal back to the detector of spectroscopic ellipsometer, where thicknesses
and optical constants of the deposited polymer films are determined. Numerous studies
have shown that monomer flow rate36, substrate temperature37 and filament temperature38
can affect the deposition rate. However, the ratio between the monomer partial pressure
(PM) and the monomer saturated vapor pressure (Psat) is the commonly used parameter,
which is directly correlated with the concentration of monomer at the substrate surface.39
Figure 1.7 shows the plot of the deposition rate as a function of PM / Psat40, which is
controlled by adjusting the flow rate of monomer as well as the temperature of the filament
and the substrate as we mentioned above.
Overall, this solvent-free deposition method can effectively avoid the delamination
issue of Cu electrode, which is common in solution-based modification systems. Moreover,
we can also control the coating thicknesses within tens of nanometers range accurately,
which offers us a wide variety of designs of experimental routes. Furthermore, a
homogeneous deposition can be achieved, which solved the problem of inhomogeneous
coating within solution-based modification process. Thus, we fabricate a more reliable and
stable dielectric polymer film on flexible substrate via i-CVD.
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Figure 1.6 Schematic representation of the i-CVD reactor setup.

Figure 1.7 Effect of PM / Psat on polymer deposition rate of ethyl acrylate at filament
temperatures of 285 (Δ), 310 (O), and 360 °C (). Reproduced from Ref. [40]

1.2 Research Objectives
In this project, we developed a low cost and easy to process method for the
fabrication of inkjet-printed copper electrowetting valve on PET substrate. Combined with
13

IPL sintering, this electrode making process was R2R compatible. Furthermore, we
modified the surface of the inkjet-printed Cu electrode with a thin layer of poly
(perfluorooctyl methacrylate) (pPFOM) through i-CVD. pPFOM coating thicknesses were
well controlled from 20 nm to 200 nm. A droplet was placed on top of the electrode and a
voltage was applied in between of the droplet and the electrode to polarize the pPFOM thin
film, thus lead to the decrease in contact angle of the droplet. The results show that the
contact angle decreasing process has a faster response under thinner pPFOM coating
thickness and higher applied voltage. For a 20 nm of pPFOM coating of Cu electrode, the
contact angle decreasing process can be initiated under 2V, which is among the best results
in the literature. As a comparison, inkjet-printed copper electrode, which was modified
with a self-assembled monolayer (SAM) of 1H,1H,2H,2H-perfluorodecanethiol (PFDT)
monomer, was fabricated. Finally, a microfluidic device, which includes two individual
channels, was assembled for demonstration of potential bioelectronic applications.

1.3 Experimental Section
1.3.1 Materials
Inkjet printing copper oxide ink (Metalon® ICI-002HV, 16wt.%, 175-250mΩ/□),
IPL machine (Pulseforge® 1300) and mesoporous PET film (thickness: 140±12 um) were
purchased from NovaCentrix. A power supply box (model: 382260, 80W Switching DC
Power Supply, Extech) was purchased from Extech Instruments. Perfluorooctyl
methacrylate (PFOM) monomer was used for the modification of the surface of copper
electrodes and was purchase from Sigma-Aldrich chemicals company. Tert-butyl peroxide
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(assay: 98%) was used as an initiator for PFOM polymerization and was brought from
Sigma-Aldrich. Inkjet printer (Dimatix Materials Printer, DMP2831) was purchased from
Fujifilm Dimatix, Inc. The SYLGARDTM 184 silicon elastomer kit (polydimethylsiloxane
(PDMS)), which contains silicone elastomer base and curing agent, was purchased from
Dow Silicones Corporation. Potassium chloride (KCl) (assay: >99%) was ordered from
Thermo Fisher Scientific. Pressure sensitive adhesive (PSA) film (ARcare®92712) with
the total thickness of 150 µm (thickness without liners: 48 um) was purchased from
Adhesives Research Inc.

1.3.2 Electrode Printing and Sintering
Figure 1.8(a) shows the flexible inkjet-printed CuO ink (3×5 cm2 rectangular shape)
on porous PET substrate. A commercially available inkjet printer (Dimatix DMP-2831,
Fujifilm) with a 10 pL cartridge were used. We used 35 V as a jetting voltage and the
cartridge print height was set to 1 mm while printing. The drop spacing was set to 25 µm.
A single layer of CuO ink was printed though 5 consecutive nozzles onto porous PET film
under room temperature (25°C). The cleaning cycles run every 30 seconds to avoid nozzle
clogging. The relative low surface tension (28-32 dynes/cm) of CuO ink was inkjet printed
on flexible mesoporous PET substrate without de-wetting or budging lines, which are
common issues in printing. The porous PET substrate partially absorbed the solvent of the
printed copper oxide ink while printing, leading the droplet of ink to be pinned in situ. The
evaporation of the solvent was initiated once the droplet contacted the porous PET
substrate, which was taped down on a vacuum stage of 40°C. Compared with printing on
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other nonporous substrates, printing on porous substrate offers a smoother and better
adhesive layer, which is crucial for the following sintering process.
The as printed CuO pattern was reduced to conductive Cu electrode under IPL
sintering (figure 1.8(a & b)) (voltage: 370 V, duration time: 5500 µs, energy: 4.12 J/cm2,
µPulses: 20, duty cycle: 50%). Such condition was studied and modified based on the
previous research.16 For high productivity, we need to keep the number of pulses low. We
studied the sintering results by changing the sintering energy (voltage: from 350 V to 380
V), while keeping the number of pulses and total duration time the same. The contact angle
of CuO and Cu electrode were shown in figure 1.8(c & d). The sintering results will be
discussed in detail within the results section later.

Figure 1.8 (a) Inkjet-printed copper oxide rectangle (3×5 cm2). (b) Copper electrode
transferred from copper oxide after IPL sintering. (c) Contact angle of copper oxide
electrode. (d) Contact angle of copper electrode.
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1.3.3 pPFOM Surface Modification of Copper Electrode
For pPFOM deposition, we chose PFOM and tert butyl peroxide as monomer and
initiator, respectively. We coated the surface of copper electrode with different thicknesses
(13.9 ± 0.7 nm, 38.0 ± 1.4 nm, 92.1 ± 1.2 nm, and 200 nm) of pPFOM layers by using iCVD technique. The heating filament temperature within i-CVD chamber was controlled
to 220 °C while depositing. Copper electrode samples were taped down onto chamber
stage, which the temperature was set to 25°C during depositions. The deposition rate
achieved to 5 nm/min under such condition. A clean silicon wafer was also placed on the
chamber stage for laser reflection, which was used to reflect the laser beam to the camara
for pPFOM coating thickness control.

1.3.4 Fabrication of Electrowetting Valve Device
To improve the previous PFDT modification system, here we introduce a solventfree system, which simplify the electrode printing process and solve the delamination
issues during the modification step. A pattern (figure 1.9(a)), which worked as Cu
electrode, was designed in AutoCAD program for the electrowetting valve device. Two
outer lines were copper electrodes, which needs to be modified with pPFOM and provide
a hydrophobic gate to arrest microfluidic flow within two channels. The inner circle line
was designed to be hydrophilic conducting electrode, which cannot be deposited with
pPFOM on the surface. All lines were designed into 1 mm width with a 3×5 mm2
rectangular at the end, which was used to connect with copper alligator clip more
conveniently. The distance between modified and unmodified copper electrodes is 1.5 mm.
The dimension of the total designed pattern is 26×28 mm2. CuO ink were printed into the
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as designed pattern on porous PET substrate, followed by exposing to IPL under 370 V,
4.12 J/cm2 for 5,500 µs, with 20 µPulses and 50% duty cycle to form a conductive Cu
pattern (figure 1.9(b)-step 1).
As mentioned above, two outer lines needs to be modified and made hydrophobic.
Whereas the inner copper electrode should not be modified and must stay hydrophilic.
Thus, we used a shielding layer, which is PDMS made from commercially available (Dow
Silicones Corporation) silicone elastomer base and curing agent, to cover the bottom part
of the pattern, only leaving the upper Cu lines (partially from outer lines) exposed to iCVD chamber for deposition. To fabricate this PDMS layer for shielding, silicone
elastomer base and curing agent (weight ratio = 10 : 1) were mixed together within a speed
mixer under 2,000 rpm for 3 min. The well mixed PDMS viscous solution was then poured
into a petri dish and placed in vacuum to extrude bubbles for 10 min, followed by curing
for 12 hours under 75 °C in oven for complete cross linking. Finally, the as prepared PDMS
was demolded from the petri dish and cut into proper size to cover the bottom part of the
designed pattern (figure 1.9(b)-step 2). The as prepared PDMS covered samples were then
ready for i-CVD of pPFOM on the surface. The i-CVD coating of pPFOM on the designed
pattern followed the same procedure as described in 1.1.4.
To assemble channels within the valve device, we laser cut the PSA film into two
channels with the dimension of 1 mm width and 3 cm long to regulate the fluidic flow. The
as cut PSA film was further manually assembled on top of the electrode (figure 1.9(b)-step
3). Finally, another PET layer, which contains two droplet holes, was placed on PSA layer
to seal the channel on top (figure 1.9(b)-step 4). As a result, an electrowetting valve, which
contained two 1 mm-width channels, was fabricated. This valve was designed for a two18

step chemical reaction and will be demonstrated with two different colors of 1 mM KCl
solutions later.

Figure 1.9 (a) Designed pattern of electrowetting valve. (b) Process for the fabrication of
electrowetting valve.

1.3.5 Measurement of Contact Angle Decreasing Process of the Droplet
The as printed Cu electrode with dimension of 3×5 cm2 was used for the droplet
contact angle decreasing process measurement. The measurement process and setup are
shown in figure 1.10. A droplet was first placed on the pPFOM coated Cu electrode. The
needle, which connected with the positive port of the voltage station, was modified into an
L shaped and inserted to the middle of the droplet. The Cu electrode placed beneath the
droplet was connected with copper alligator clip, which connects with the negative port of
the voltage supply. The initial contact angle for the droplet on pPFOM coated electrode is
hydrophobic (~130°). When we apply a voltage to the system, the contact angle gradually
decreases from hydrophobic to hydrophilic status. And this contact angle decreasing
process was monitored to show their performance.
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Figure 1.10 (a) Illustration for sample preparation and measurement setup. (b) Image of
measurement setup in experiment.

1.4 Results and Discussion
The surface morphology of the printed electrode before and after sintering were
carried out through scanning electron microscopy (SEM) (figure.1.11). Before IPL
sintering, CuO nanoparticles were present in the form of distinct small grains. After IPL
sintering, CuO were reduced to Cu and the nanoparticles melted and fused together to form
a conductive path. Energy dispersive X-ray spectroscopy (EDS) spectrum confirmed that
after IPL sintering, the contents of oxygen were significantly reduced. (figure 1.11(c, d, e
& f). X-ray diffraction (XRD) pattern further proved that the Cu nanoparticles were
reduced to Cu nanoparticles (figure 1.12). The crystal phases of Cu nanoparticles on porous
PET substrate were obtained using a PANalytical X'Pert XRD (Malvern Panalytical Co.,
Ltd., UK) with Cu Kα radiation (λ = 0.154 nm). Before IPL sintering, the peak positions
correspond to CuO (ICDD No. 48-1548) phase show (002), (111) and (202) planes, with
no additional crystalline phases detected. After IPL sintering, the peak positions correspond
to Cu (ICDD No. 04-0836) phase show (111), (200) and (220) planes. The thickness of the
inkjet-printed copper electrode before and after sintering were measured on a 3D optical
surface profiler (Zygo® NexviewTM) (figure 1.13). The surface profile shows that before
sintering, the printed CuO patterns had a thickness of 2 ± 0.5 µm. After sintering, the
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thickness decreased due to the melting and merging of Cu nanoparticles. Also, since the
melted particles were partially absorbed by the porous PET substrate, the surface became
much smoother, and the roughness was minimized.

Figure 1.11 SEM image of the surface of copper electrode (a)before and (b)after sintering.
(c) & (e)EDS mapping and element spectrum of copper oxide pattern. (d) & (f)EDS
mapping and element spectrum of copper electrode.
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Figure 1.12 XRD of before and after IPL sintering. (Inset figure: zoom in for 2θ from 3θ
to 80 degree).

Figure 1.13 Surface profile of the printed copper electrode before and after sintering.

Figure 1.14 shows the comparison of the color change along with the increase of
IPL power for 7 different sintering conditions from 350 V to 380 V (3.58 J/cm2 to 4.41
J/cm2). The results were based on 16 parallel experiments under each sintering condition.
We found that lower exposure energies (3.58 J/cm2 & 3.71 J/cm2) were not able to reduce
the CuO. Relative higher energy (3.84 J/cm2) partially reduced CuO to Cu. Energies above
3.98 J/cm2 can fully reduce the CuO to Cu based on the color change from dark black to
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shinny brown. The conductivity of the Cu electrode after IPL sintering is shown in figure
1.15, which were measured under a 4-point probe machine (Pro-4, Signatone Co., Ltd.).
Here, we measured the conductivity for four different IPL sintering conditions (365 V, 370
V, 375 V and 380 V). Due to the other IPL sintering conditions (350 V, 355 V and 360 V)
cannot reduce the pattern homogeneously, the conductivity measurement results were not
stable and reliable, thus are not shown here. The results show that among all conditions,
370 V (4.12 J/cm2) offered the highest conductivity (3.06 x 104 S/cm), which reached over
5% of commercial copper (5.96 x 105 S/cm). We also observed that when the IPL sintering
energy is higher than 4.12 J/cm2, conductivity of the printed copper electrodes tends to
decrease. This is due to the delamination occurred while under high voltage conditions,
where CuO nanoparticles were overexposed to high energy, thus leading the decrease of
conductivity. This phenomenon was also confirmed from SEM image as shown in figure
1.16, where an obvious delamination problem occurred under a higher energy level (4.41
J/cm2) compared with the lower energy level (4.12 J/cm2). Due to this delamination, the
conductive path was disturbed, thus leading to a decrease in conductivity.

Figure 1.14 Comparison of color change of copper electrodes under different IPL sintering
conditions.
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Figure 1.15 Sheet resistance of copper electrodes under different IPL sinter conditions
(3.98 J/cm2, 4.12 J/cm2, 4.26 J/cm2, 4.41 J/cm2) (Inset figure: conductivity for each
samples).

Figure 1.16 (a) Copper electrode under 370 V (4.12 J/cm2). (b) Copper electrode under 380
V (4.41 J/cm2).

The well sintered Cu electrodes were put into i-CVD chamber for pPFOM
deposition with four different coating thicknesses (13.9 ± 0.7 nm, 38.0 ± 1.4 nm, 92.1 ±
1.2 nm, and 200 nm). Figure 1.17 shows the SEM image of the surface of pPFOM-coated
Cu electrodes (b, d, f, h and j are zoomed in images of a, c, e, g and i, respectively). As a
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comparison, pristine Cu electrodes are also shown in figure 1.17 (a & b). We observed that
as we increased the pPFOM coating thicknesses, the pores between the continuous Cu
phase became smaller. This phenomenon was obvious when we compared the 200 nm
pPFOM coating with the other thicknesses of deposition. Due to the increase of initiated
polymerization time, PFOM monomers and tert-butyl peroxide initiators have more
chances to react within those pores and fill them out.
Figure 1.18 shows the AFM topography image of the non-coated and pPFOM
coated Cu electrodes. We observed that the surface roughness slightly increased as we
increase the deposition thicknesses, especially for 200 nm pPFOM coating. Figure 1.19
shows the corresponding standardized one-dimensional roughness profile. The roughness
parameters (Ra) for non-coated Cu electrodes and the pPFOM coated electrode (13.9 ± 0.7
nm, 38.0 ± 1.4 nm, 92.1 ± 1.2 nm, and 200 nm) were calculated to be 3.6 nm, 3.8 nm, 6.9
nm, 7.5 nm, and 10.0 nm, respectively.

Figure 1.17 (a) & (b) Pristine copper electrode without pPFOM deposition. (c) & (d)
Copper electrode with 13.9 ± 0.7 nm pPFOM deposition. (e) & (f) Copper electrode with
38.0 ± 1.4 nm pPFOM deposition. (g) & (h) Copper electrode with 92.1 ± 1.2 nm pPFOM
deposition. (i) & (j) Copper electrode with 200 nm pPFOM deposition.
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Figure 1.18 AFM topography image and one-dimension surface profile of (a)&(b) noncoated copper electrode, (c)&(d) 13.9 ± 0.7 nm pPFOM coated copper electrode, (e)&(f)
38.0 ± 1.4 nm pPFOM coated copper electrode, (g)&(h) 92.1 ± 1.2 nm pPFOM coated
copper electrode, (i)&(j) 200 nm pPFOM coated copper electrode.
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Figure 1.19 Standardized one-dimensional roughness profiles for (a) non-coated
copper electrode, (b) 13.9 ± 0.7 nm pPFOM coated copper electrode, (c) 38.0 ± 1.4
nm pPFOM coated copper electrode, (d) 92.1 ± 1.2 nm pPFOM coated copper
electrode, (e) 200 nm pPFOM coat copper electrode.

Figure 1.20 shows the contact angle decreasing processes on pPFOM coated Cu
electrodes under different applications of the voltages (2 V, 2.5 V, 3 V and 3.5 V). For each
voltage, different pPFOM coating thicknesses were plotted within the same graph. It is
worth mentioning that since 3.5 V did not activate the 200 nm pPFOM coated Cu electrode,
lower voltages for 200 nm pPFOM coating samples also failed to activate it, thus the results
are not shown in the other three images to keep the image easy to read. A magnified image
is shown within figure 1.20 (d) for other coating thicknesses except for 200 nm deposition.
We observed that under the same applied voltage, the thinner the pPFOM dielectric layer
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coating, the faster the contact angle responds to the external voltage. Especially for 13.88
nm pPFOM coating, the contact angle decreasing slop is larger compared to the other
thicknesses of the dielectric layer coating.
Figure 1.21 shows the contact angle decreasing process based on different applied
voltages. We observed that under a fixed thickness of dielectric layer coating, contact angle
decrease faster under higher voltage compared with lower voltage. It is worth mentioning
that under individual coating thickness (13.9 ± 0.7 nm, 38.0 ± 1.4 nm, 92.1 ± 1.2 nm), there
is no obvious difference for contact angle decreasing rate between applied voltages of 3 V
and 3.5 V (figure 1.21 (b, d & f)). This indicates that 3 V has reached the voltage saturation
for this pPFOM coating system. A further increase of the applied voltage would not
increase the contact angle decreasing rate. Figure 1.21 (g) shows that 200 nm pPFOM
deposition electrode cannot be actuated even under 5 V, which indicates that for pPFOM
coating system, deposition thicknesses lower than 200 nm is necessary for electrowetting
valve to be actuated under low voltages.
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Figure 1.20 Contact angle decreasing process along with time: (a) 2 V applied voltage, (b)
2.5 V applied voltage, (c) 3 V applied voltage, (d) 3.5 V applied voltage.
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Figure 1.21 Contact angle decreasing process along with time: (a)&(b) 13.9 ± 0.7 nm
pPFOM coating, (c)&(d) 38.0 ± 1.4 nm pPFOM coating, (e)&(f) 92.1 ± 1.2 nm pPFOM
coating, (g) 200 nm pPFOM coating.
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Furthermore, we tested the stability performance of the Cu electrodes for 38.0 ± 1.4
nm and 92.1 ± 1.2 nm pPFOM coating thicknesses. We kept both samples in air for 3
months and measured the contact angle decreasing processes at an initial and end of the
period. Figure 1.22(a&b) show that both samples responded at a lower rate compared with
that of 3 months ago under 3 V applied voltage. That is because the conductivity of the Cu
electrodes decreased after keeping in air for 3 months, which is mainly due to the partially
oxidation of Cu to CuO. In contrast, when we applied 3.5 V to both pPFOM coating
samples with different thicknesses, the contact angle decreased at a similar rate even after
3 months without the performance decline (figure 1.22(c&d)). The most possible reason is
that after 3 months in air, due to the partial oxidation of Cu electrodes, the saturated voltage
increased from 3 V to 3.5 V, beyond which the contact angle decreasing rate would not
have significant change.
Finally, a Cu electrowetting valve with two individual channels was fabricated as
described in section 1.3.4. Figure 1.23 shows the process of actuating two channels
separately under the applied voltage of 3 V. Figure 1.23(a) demonstrates that before
applying the voltage, both channels were filled with dyed KCl solution and stopped in front
of the hydrophobic Cu electrodes. After we applied 3 V voltage to the first Cu
electrowetting valve, which corelated with green color solution, the solution within that
channel passed by the hydrophobic Cu electrode through capillary force. The second valve,
which involved the blue color KCl solution, still holds the liquid without actuation (figure
1.23(b)). After we applied the voltage to the second valve, we observed a similar
phenomenon as we saw in the first valve. Blue color KCl solution passed by the
hydrophobic electrode, thus was actuated (figure 1.23(c))
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Figure 1.22 Stability performance of the Cu electrodes for (a) 38.0 ± 1.4 nm pPFOM coated
Cu electrodes under 3 V; (b) 92.1 ± 1.2 nm pPFOM coated Cu electrodes under 3 V; (c)
38.0 ± 1.4 nm pPFOM coated Cu electrodes under 3.5 V; (d) 92.1 ± 1.2 nm pPFOM coated
Cu electrodes under 3.5 V

Figure 1.23 Actuating process of a two-channel valve under the applied voltage of 3 V.
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1.5 Conclusions and Outlook
Research in microfluidic valves has led to advances in the control of liquids in
capillary-driven

microfluidic

devices.

Current

fabrication

methods

such

as

photolithography are complicated with high cost, thus leading to difficulties in device
fabrication. Herein, we used inkjet printing method, combined with IPL sintering to
fabricate low-voltage-activated microfluidic valve on a flexible substrate based on the
principle of electrowetting on dielectrics. The results show that the contact angle
decreasing process has a faster response under thinner pPFOM coating thickness and
higher applied voltage. Finally, the valve can be actuated under 2V, which is among the
best result in the literature.25 Furthermore, a microfluidic device with the designed pattern
is demonstrated for potential bioelectronic applications.
This printing and curing process were designed to be compatible in roll-to-roll
manufacturing. For future work, screen printing is a potential substitution method to inkjet
printing, where higher productivity and more flexible design can be achieved compared
with inkjet printing. Thus, the ability to fabricate cost-effective devices using screen
printing method will have a significant impact on the advance technology industry.
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2 EXCEPTIONAL ELECTROMAGNETIC SHIELDING
EFFICIENCY OF SILVER COATED CARBON FIBER
FABRICS VIA ROLL-TO-ROLL SPRAY COATING
PROCESS
2.1 Introduction
2.1.1 Electromagnetic Interference (EMI) Shielding
The rapid development of electronic systems has led to a great concern about the
electromagnetic pollution, which can perturb the normal operation of the surrounding
equipment and is harmful to living species.1 The broad applications of electronic devices
in industry, military as well as human life has made this electromagnetic radiation problem
even more severe compared with the past few decades. Thus, there is an urgent need to
fabricate such materials, which can mitigate the electromagnetic signals efficiently.
However, preparation of high shielding effectiveness materials with low cost, lightweight,
good flexibility and corrosion resistivity remains challenging. Moreover, to prevent the
interference causing damage to the nearby devices, such shielding effective material must
cover on the outside of the device. Thus, the incoming interference signals will be avoided
from penetrating through shielding material to the device.2, 3

2.1.2 Electromagnetic Shielding Theory
Shielding is a materials property, which is contributed by a conductive material that
can absorb, reflect or multi reflect the EMI wave emmitted from a source (figure 2.1). This
property is quantified by the strength ratio of the incident electromagnetic field to the
transmitted electromagnetic field. The value of this ratio is presented in logarithmic scale
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and expressed in the unit of decibels (dB). The calculation of the shielding effectiveness is
given by the equation (2.1):4
SEtotal=10log(PI/PT)
=20log(EI/ET)
=20log(HI/HT)

(2.1)

Where P, E and H are the power, electric field, and magnetic field, respectively. The
subscript I and T represent the incident waves and transmitted waves. Total shielding of
the EMI waves consists of absorption (SEA), reflection (SER) and multi-reflection (SEM).
When the thickness of the shielding material is smaller than the skin depth, reflection of
the electromagnetic wave occurs at multiple boundaries and therefore SEM should be
considered. However, in a composite with high shielding effectiveness (SE A≥10 dB) and
large thickness like the material used in this experiment, multiple reflections are
negligible.5, 6 Therefore, the influence on SEM was neglected in this experiment. Thus, the
total SE (SETotal) is expressed as:4
SETotal=SEA+SEB
1

=10log(1−𝑅)+10log(
1

=10log(𝑇)

1−𝑅
𝑇

)

(2.2)

Where R and T are reflectance and transmittance coefficients, respectively. Based on the
EM theory, the EMI SE is closely correlated with the materials conductivity (𝜎𝑐 ), as well
as angular frequency (ω), real permeability (μ), skin depth (δ) and the thickness of the
material (t). The equation is expressed as:4
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SETotal=SEA+SEB=20t(

μω𝜎𝑐 1/2
𝜎
) +10log( 𝑐 )
2
16μω𝜀0

(2.3)

Equation (2.3) shows that SETotal increases with the increasing conductivity of the shielding
material from both absorption and reflection aspects. Thus, ensuring the sample has high
conductivity is important to improve the SE of the sample. Electrical conductivity can be
calculated based on repeated measurements of sheet resistance and thickness data, using
the following Eq. (2.4),7
𝜎𝑐 =

1

(2.4)

𝑅𝑠 𝑡

Where σc, Rs, and t are the conductivity, average sheet resistance, and average thickness,
respectively. Figure 2.2 demonstrates that the SE continuously increases with the
conductivity of the material.1 There is an obvious increase for SE value near the threshold
of the conductivity. Therefore, fabricating polymer composite materials that have good
conductivity becomes significantly important.
From the experiment measurement aspect, SEA and SER can be expressed in terms
of scattering parameters (S11, S12, S21, S22), which are obtained from a vector network
analyzer as6
𝑆𝐸𝐴 = 10log(

1−|𝑆11 |2
)
|𝑆12 |2

𝑆𝐸𝑅 = 10log(

1
1−|𝑆11 |2

)

(2.5)

(2.6)

where scattering parameters, Sij, represents the transmission or reflection coefficient of the
composite. i is the port through which the EM wave radiation is received, and j is the port
through which the incident wave is transmitted. In our case, since the samples are
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reciprocal and symmetric, S11=S22 and S12=S21. To further characterize the performance of
shielding material and compare with the other literature results, the specific shielding
effectiveness (SSE) was evaluated considering the density of shielding materials using the
following equation8
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝐸𝑀𝐼𝑆𝐸 =

𝐸𝑀𝐼𝑆𝐸
𝜌𝑚



(2.7)

where ρm is the density of the shielding material, and unit of the SSE is dB∙cm3/g. Also, the
absolute shielding effectiveness (ASE) was used and defined by equation 2.89
𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒𝐸𝑀𝐼𝑆𝐸 =

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝐸𝑀𝐼𝑆𝐸
𝑡



where t represents the thickness of the shielding material.

Figure 2.1 Schematic of the attenuation of an incident wave by shielding material.
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(2.8)

Figure 2.2 Relationship between SE and conductivity of carbon-based polymer composites
reported in literature. Graph adapted from Ref. [1].

2.1.3 Fabrication of electromagnetic shielding materials
Traditionally, the most common way to shield the EMI signals is by using metallic
films, which depends on the faraday cage effect.1 However, such materials have the
drawbacks of high material density, high cost, poor processability, lack of structural
flexibilities and easy to have corrosion problems, which are increasingly disfavored and
limit their broad applications.10 Therefore, a new composition of the EMI shielding
material need to be developed.11 During the last two decades, researchers were trying to
find the materials, which can overcome the drawbacks of metal, while stay in good
shielding effectiveness as well. Recent years, substitutions for conventional metals are
being studied to use as EMI shielding materials, especially for conductive polymer
composites (CPCs). CPCs can be potentially used within commercial portable electronics
owing to their excellent flexibility, lightweight, low cost as well as ease of processing.12 It
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is well known that electrical conductivity has a huge effect on reflection and absorption of
electromagnetic waves, thus affect the total EMI shielding effectiveness of materials.5
Generally, conductive nanofillers, such as silver, copper and carbon nanoparticles, are used
to mix within polymer matrix. The loading of conductive fillers has to be high enough to
offer a good conductivity property, which leads to the aggregation of fillers and decrease
the flexibility of CPCs. At the same time, though flexible, insulating polymer matrix can
lead to a significant deterioration in the electrical conductivity of CPCs. Thus, the shielding
performance of CPCs is generally not satisfied. On the other hand, conductive fiber fabrics,
such as carbon fiber fabrics (CFFs), in electronic devices lead to novel applications owing
to their high electrical conductivity, high strength-to-weight ratio, structural flexibility,
corrosion resistivity as well as industry scale compatibility. Generally, CFFs can be coated
with metallic nanofillers by electroplating or electroless plating. However, electroless
plating involves highly toxic agents during plating process, which is not desired for
material fabrication. Also, though environmentally friendly, electroplating cannot offer a
strong interfacial adhesion between fiber fabrics substrate and metallic nanofillers, which
causes delamination of metal coating when bended and decrease of conductivity. Studies
has shown effective ways to solve this adhesion issue. Biocompatible polydopamine
(PDA), which can be synthesized by self-polymerization of dopamine (DA) under alkaline
condition, is widely used to bond the metallic nanofillers onto the fiber fabrics substrate.13,
14

PDA can be adsorbed on almost all the surfaces of solid materials, therefore is well

studied and used to bind the metal and substrate, especially in purifying target pollutants
with heavy metal ions. However, a toxic reducing agent, N2H4·H2O, was used in these
processes to conduct silver ions reduction reaction and produce a conductive metal layer.
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Thus, this method is also not desired from the environmental aspect. Therefore, to solve
the issues mentioned above, we used spray coating method, which is a simple and roll-toroll compatible method, to directly coat a silver layer on the surface of CFFs.

2.1.4 Spray Coating Technique
Spray coating is a technique for forming a thin layer on virtually any type of
substrate (e.g., glass, metal, plastic, etc.) by discharging a solution with a high-pressure gas
flow, resulting in exceptional of conformability for a high-speed coating technique. It can
thus be readily adapted to the R2R continuous process to produce a large-area sample.
Reale et al. has provided an excellent review of the spray coating technique. 15 Here, we
emphasize only the main points. The process involves several independent steps, including
liquid precursor atomization, inflight droplet evaporation, and impact on the substrate,
where spreading, drying and adhesion of the liquid material take place. Atomization is the
first step in the spray coating process, and it involves the conversion of a bulk liquid such
as the nanoparticle ink used in this study into small droplets. The atomization process is
controlled by the dynamic pressure of the gas used to force the liquid through a nozzle, the
surface tension, and the viscous forces of the liquid. It occurs in two main regimes: a
primary atomization regime (near the nozzle) caused by high frictional shearing forces
between the liquid and the high-velocity gas, which generates filaments and large droplets;
a secondary atomization regime which breaks up the filaments further downstream. For
low-viscosity liquids such as the ink used in this study, the deformation of the droplet is
primarily determined by the Weber number (𝑊𝑒 ), a dimensionless number (equation 2.9)
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representing the ratio of the aerodynamic forces and the stabilizing surface tension
forces:16
𝑊𝑒 =

𝜌𝑉 2 𝐷
𝜎

(2.9)

where ρ, V, D, and σ are the liquid density (kg/m3), initial relative velocity between the gas
and the liquid (m/s), initial diameter of the droplet (m), and surface tension of the droplet
(N/m), respectively. The higher the 𝑊𝑒 , the larger the deforming external pressure forces
(which lead to droplet breakup) compared with the reforming surface tension forces (which
favor droplet aggregation).16 A high value of 𝑊𝑒 is typically obtained with high efficiency
atomization resulting in the generation of a large number of droplets that can be deposited
on a specific coated area. Thus, a denser coating and a better droplet spreading can be
obtained.17

2.2 Research Objectives
In this project, we fabricated flexible weaved CFFs composite materials with
exceptionally high EMI shielding effectiveness (SE) by a simple and straightforward spray
coating method. Silver nanoparticle ink was used to be spray coated on CFFs without
surface modification of CFFs substrate. In addition to high conductivity, silver possesses
outstanding properties, such as compatible to a wide range of temperature as well as
corrosion resistive. After heat curing process, the conductive silver layer was well bonded
with CFFs substrate without obvious degradation under stability test. This fabrication
process is roll-to-roll compatible, thus can achieve a high efficiency for industry
manufacturing. Samples fabricated via roll-to-roll platform with a total composite
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thickness of 460 μm exhibited a SE value of 102 dB. Compared with the previous results
in the literature,18-21 our Ag coated CFFs showed the highest EMI SE.

2.3 Experimental Section
2.3.1 Materials
Silver nanoparticle ink (MetalonTM JS-B25HV) (particle size: 60-80 nm, conent:
25%, surface tension: 32 mN/m, viscosity: 10 mPa∙s ) was purchased from Novacentrix
Co., Ltd., USA, and used as received without modification. The values of resistivity and
sheet resistance for this ink after sintering were 2.8 μΩ∙cm and 50 mΩ/□, respectively. The
hand-held spray coater (CM-CP2, nozzle diameter: 0.23 mm, capacity: 7 mL) was
purchased from Anest Iwata Inc., Japan. A spray gun (DH580000AV, container volume:
591 mL, nozzle diameter: 1.4 mm) for roll-to-roll fabrication was bought from Campbell
Hausfeld Co., Ltd. The roll-to-roll system was offered by Frontier Co., Ltd. The CFFs
substrate (221 μm) with width of 76.2 mm and length of 9.2 m was bought from Fibre Glast
Co., Ltd., USA. The tensile modulus, tensile strength, elongation, and weight of the fabrics
were 227–240 GPa, 3.5–4.4 GPa, 1.4–1.95%, and 13.5–14.7 mg/cm2, respectively. The hot
plate (PC 620D) was offered by Corning Inc. The furnace (Blue M) for sintering was
purchased from Thermo Fisher Scientific Inc. A 4-point probe system (Pro-4, Signatone
Co., Ltd., USA) for sheet resistance measurement was purchased from Signatone Corp. A
vector network analyzer (E8362B VNA series, Agilent Technologies, Inc.) was used for
EMI SE measurements.
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2.3.2 Characterization and Performance Measurement
X-ray diffraction (XRD) spectra used to identify the crystal phases of silver
nanoparticles on the CFFs substrate were obtained using a PANalytical X'Pert XRD
(Malvern Panalytical Co., Ltd., UK) with Cu Kα radiation (λ = 0.154 nm) at a scanning
rate of 0.06°/min from 10° to 80°. The microstructures of all the CFFs samples were
confirmed using a scanning electron microscopy (SEM) (Magellan 400 XHR-SEM, FEI
Co., Ltd., USA) at an accelerating voltage of 3 kV. The sheet resistance was measured with
a 4-point probe system with a source meter (2400 Keithley, Tektronix Inc., USA), by
applying a current of 50 mA and the results were reported as the average values of ten
repeated measurements for each group. The thickness of the composite was measured with
an electronic thickness gauge (Model 547-526S, Mitutoyo Co., Ltd., Japan). Ten points
were randomly measured, and the mean value was used.
The EMI SE of the CFFs samples was measured in the frequency range of 8–12
GHz (X-band), using a vector network analyzer (figure 2.3). As shown in figure 2.3(a), a
sample holder was assembled between two WR90 waveguides, and the sample was
mounted inside its aperture. Typically, the sample holder’s aperture and the sample have
same size as the waveguide apertures (1.02×2.28 cm2). This approach works well for
dielectrics, but it has a remarkable error for highly conductive materials with large SE
values. The reason is that the measurement for high conductive materials is sensitive to the
gaps around the sample inside the aperture. As it is difficult to cut the samples with
micrometer accuracy, we modified the sample holder by etching a larger aperture
(1.69×2.95 cm2) partially through the original sample holder (figure 2.3(b)). The sample
can be mounted in this groove (figure 2.3(c)). Hence, the smaller aperture will shield the
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gaps and reduces the sensitivity to the errors in sample’s dimensions. The depth of the large
aperture, which was 0.5 mm, was selected to be as close as possible to the sample’s
thickness.
Finally, the anticorrosion test of the samples was performed by immersing the
samples in tap water for up to 5 days,22 after which, the samples were removed from the
water and dried in air, before their EMI SE were remeasured.

Figure 2.3 Measurement setup. (a) The scattering parameters of samples are measured
using vector network analyzer. The sample is mounted on a sample holder and is installed
between two WR90 waveguides. (b) The schematic of the designed sample holders to cover
the gaps at the edges of the sample. (c) The provided sample holders. The thickness of
sample holders is determined considering the thickness of the sample.

2.3.3 Spray coating of silver nanoparticles on CFFs
Spray coating was performed in two modes: with a hand-held sprayer inside a fume
hood and on a R2R platform. For safety reasons, the face mask (AuraTM, N95, 3M) was
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needed and the spray coating was carried out in an enclosed chamber, with exhaust lines
and operated at negative pressure.
In our experiments, we coated silver nanoparticle ink on the CFFs substrate with a
spray gun, as shown in figure 2.4. Since the liquid properties were fixed (ρ, D and σ were
constants in equation (2.9)), to obtain a high value of 𝑊𝑒 , thus a high efficiency
atomization, the gas pressure, which was correlated with the V, was adjusted to the
maximum pressure of 0.24 MPa to provide a uniform coating. Under this pressure
condition, We is calculated as 352. As the nanoparticle solution used in the experiments
had a size up to 80 nm, we observed nozzle clogging and non-uniform coating under lowpressure condition. We conducted our experiments under high-pressure gas flow regime to
ensure good film uniformity under continuous coating operation.
The hand-held spray coater was driven with an air pressure within the range of 0.10.29 MPa. The amount of silver nanoparticles deposited on CFFs was controlled to 5.1,
6.5, and 17.5 mg/cm2 by varying the spraying time. The deposited nanoparticles were
sintered on a hot plate at 300°C for 15 min after coating. Additional sintering in a furnace
at 300°C for 5 min was performed in order to ensure complete sintering.
For the R2R experiment, a general spray gun (nozzle diameter: 1.4 mm, capacity:
591 mL) with a larger capacity was used to ensure a sufficient coating time. The deposited
amount of Ag nanoparticles on a CFFs web was controlled by the speed of the web in a
R2R system, and a coating of 4 mg/cm2 was obtained when the web speed was 1.54 m/min.
The substrates were spray coated on the R2R platform with the silver nanoparticle ink at a
pressure of 0.24 MPa and at a coating distance of 15 cm (distance between the nozzle and
substrate), following which the substrate was dried in a 3.6 m inline hot-air dryer at a
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temperature of 120°C, and then further dried with far-infrared radiation (at 30% power).
Then the dried coated film was further sintered at a temperature of 300°C for 15 min.

Figure 2.4 Fabrication of EMI shielding composite through spray coating of silver
nanoparticles onto CFFs substrate.

2.4 Results and Discussion
Figure 2.5 shows XRD patterns of a CFFs substrate, as well as that of silvernanoparticle-coated CFFs obtained with spray coating condition of 17.5 mg/cm2. For
pristine CFFs, there are two broad diffraction peaks at 26° and 43°, which correspond to
(002) and (100) reflections of graphite planes, respectively.23 For the Ag-nanoparticlecoated CFFs, four distinct diffraction peaks at 38.1°, 44.3°, 64.4°, and 77.7° can be
attributed to (111), (200), (220), and (311) planes, respectively, confirming that the Ag
nanoparticles are face centered cubic and crystalline in nature.24 This XRD pattern shows
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that the CFFs is well covered with Ag material, and the inset of figure 2.5 also confirms
the good coverage in terms of the color difference of the surface.

Figure 2.5 XRD patterns of a CFFs and silver-nanoparticle-coated CFFs (inset photo of the
measured silver-coated CFFs).

Figure 2.6 shows the density and electrical conductivity of the Ag-coated CFFs.
The Ag content, which depends on the spraying duration, are 5.1, 6.5, and 17.5 mg/cm2,
respectively. As the deposition amount increases, the areal density increases linearly from
uncoated CFFs to 24.3, 25.7, and 36.7 mg/cm2 (figure 2.6(a)). However, the density values
do not increase with the deposited amount of Ag nanoparticles because there is an
appreciable error uncertainty in the thickness of the CFFs substrate. Overall, coated
samples showed a density range of 0.76–0.98 g/cm3. The density value is a critical variable
used in optimizing the performance of EMI shielding materials. Compared with recent
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publications, this composite shows a moderate level of EMI shielding performance based
on density alone. Low-density structures including reduced graphene oxide, multi-walled
or single-walled carbon nanotubes have been reported in the literature.25-27 Although these
structures may have a high SSE, the actual EMI SE may be low, and mass-producing them
is fraught with a lot of challenges because of the use of complex fabrication process steps,
such as chemical vapor deposition or vacuum filtration. In this respect, the use of CFFs in
EMI shielding applications offers a significant advantage in terms of light weight when
compared to other matrices such as polyimide, waterborne polyurethane, and
polystyrene.26, 28, 29

Figure 2.6 Density and electrical conductivity of Ag-coated CFFs. (a) Density and areal
density of the samples as a function of deposited amount of Ag nanoparticles during the
spray process. The area of the measured sample was 1.69×2.95 cm2 and the thickness value
was 221–374 μm. (b) Electrical conductivity of the samples prepared by using different
deposition amount of Ag nanoparticles (inset: sheet resistance data used for the electrical
conductivity calculation).

The electrical conductivity according to the amount of Ag nanoparticles coating is
shown in figure 2.6(b). The sheet resistance values for the uncoated CFFs sample and
samples coated with silver nanoparticles in the amounts of 5.1, 6.5, and 17.5 mg/cm2 (inset
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of figure 2.6(b)) are 13.5±12.3, 0.9±2.1, 0.6±1.4, and 0.02±0.01 Ω/□, respectively. The
thicknesses of the samples are 221±19, 318±20, 314±18, and 374±38 μm, respectively.
The electrical conductivity of the samples shows a gradually increasing trend from the
uncoated condition to the maximum amount of coating for 6, 183, 304, and 1680 S/cm,
resulting in a maximum 279 times improvement. This value translate to exceptional
performance for EMI shielding, which is comparable with the electrical conductivity of
MXenes (1841 S/cm with 80wt% of Ti3C2Tx filler contents).5
SEM images of CFFs are shown in figure 2.7(a & b). The plain weave pattern of
the carbon fibers aids in ensuring high electrical conductivity of the CFFs. The diameter of
a single fiber is approximately 8 μm, and the fibers are of a uniform size in the entire fabric
network (figure 2.7(a)). The SEM images of the 6.5, and 17.5 mg/cm2 silver coating
conditions are shown in figure 2.7(c & f).
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Figure 2.7 SEM images of (a-b) a pristine CFFs substrate, (c-d) Ag coated CFFs with
deposited amount of 6.5 mg/cm2, and (e-f) 17.5 mg/cm2.

Figure 2.7(c) shows that the silver material adheres very well to the CFFs and is
interconnected with the carbon fibers. From the magnified image shown in figure 2.7(d),
the fibers are sufficiently bonded together with silver nanoparticles after curing. This is
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very important from the viewpoint of EMI shielding, as the silver coating can increase the
electrical conductivity of fabric networks, as well as the reflection of the EM wave on the
surface. The samples with the highest silver coating in figure 2.7(e-f) shows that the silver
nanoparticles form a complete coverage layer over the CFFs substrate, which is a positive
attribute in terms of electrical conductivity and SE, but may suffer from the drawback of
being susceptible to bending or twisting in terms of mechanical robustness.
Figure 2.8 shows the EMI SE of silver spray-coated CFFs, measured in double and
triple layers, over a thickness range of 440–750 μm and frequency range of 8 to 12 GHz.
The SE was 66±1.1, 76±1.4, 86±1.3, and 104±4.5 dB, respectively, from uncoated pristine
CFFs to samples silver nanoparticles coated with 5.1, 6.5, and 17.5 mg/cm 2, respectively
(figure 2.8(a)). The neat CFFs itself shows a shielding effectiveness of 66 dB. When CFFs
is coated with silver nanoparticles, the SE increases to a maximum of 104 dB. This suggests
that the EMI shielding performance increases with coating amount, given the increase in
electrical conductivity resulting from the silver nanoparticle. However, when the SE of a
single layer of the composite is measured, the SE value does not increase appreciably with
silver content as shown in figure 2.9(a). Figure 2.9(b) shows that this is because the leakage
of EM waves through the openings in the weave pattern degrades the SE. However, for the
double-layer sample, the overlapping patterns between the layers (see the cartoon on the
right of figure 2.9(b)) were able to close these openings, ensuring low leakage of the EM
waves through intervening layers and thus an increase in the observed SE.
Figure 2.8(b) shows SET, SEA, and SER measurements of the double-layer and triplelayer samples (650–1200 μm thickness) as a function of silver content. In the double-layer
sample, reflection contributed 11-14 dB of the total EMI shielding effectiveness, while
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absorption contributed as much as 53–90 dB to the total EMI shielding effectiveness. This
means that ~95% of the incident power is reflected, 5% of it enters the shielding material,
and ~2.5×10-7% passes through it. Detailed SEA, and SER along with the frequency for
double-layer samples are shown in figure 2.10. For the triple-layer sample, shielding by
reflection also shows a similar value to that of the double-layer case (from 11 to 14 dB),
and the shielding by absorption increases from 65 to 101 dB; it also increases as a function
of the amount of silver nanoparticles content (see figure 2.11 for the measured SET, SEA,
and SER). As it is displayed in figure 2.8, the measured shielding effectiveness of the triplelayer sample stays below 115 dB. This is because the setup has an SE measurement limit
of ~110 dB and beyond that, the setup cannot provide an accurate result, as the transmitted
signal is smaller than the system’s noise.30 Hence, the triple-layer sample might have
provided more than 115 dB of shielding. Also, samples with high shielding effectiveness
are more sensitive to holes and roughness; hence, the reduction in shielding effectiveness
of the triple-layer sample with high amount of silver might be due to its sensitivity to such
imperfections.
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Figure 2.8 EMI SE of silver coated CFFs. (a) SE of double-layer Ag-coated CFFs
fabricated with pristine CFFs (no coating), 5.1, 6.5, and 17.5 mg/cm2, (b) SE total (SET)
and its absorption (SEA) and reflection (SER) mechanism in silver-coated CFFs with
different amount of silver nanoparticle coatings (left: double layer, right: triple layer).

Figure 2.9 (a) Results of EMI SE measurements of single-layer composites. SE for two
samples prepared under the same condition (6.5 mg/cm2) shows a difference of 24 dB, (b)
EM wave leakage though a single layer due to voids in the CFFs (left); reducing the leakage
by using a double-layer structure (right).
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Figure 2.10 (a) SE absorption and (b) SE reflection of the silver coated CFFs with different
coating conditions. Measurement performed on double-layer samples.

Figure 2.11 (a) SE total, (b) SE absorption, and (b) SE reflection of the Ag-coated CFFs
with different coating conditions. Measurement performed on triple-layer samples.

The experiments described above show the possibility for the continuous
fabrication of silver coated CFFs composites with the aid of R2R spray coating process.
Figure 2.12(a) shows a schematic diagram of a process for R2R spray coating of silver
nanoparticle ink on a CFFs web. The R2R system consists of unwinding, in-feeding,
coating, drying, out-feeding and rewinding parts (figure. 2.12(b)). Edge position controller
and a load cell were used for R2R web lateral control and tension control. Figure 2.12(c)
shows the process for coating the actual silver nanoparticle ink on the CFFs web. The CFFs
web (76.2 mm web wide and 9.2 m long) was transported by attaching the polyester web
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to the backside as the support substrate. Unlike the hand-held spray coating experiments,
in which the CFFs substrate was coated at a specific distance manually, the R2R
experiment was conducted at a speed of 1.54 m/min when the spray was applied, ensuring
a more uniform coating, as shown in figure 2.12(d). The R2R spray-coated CFFs network
was immediately dried at 120°C in a far-infrared drying oven, which was part of a 3.6 m
long hot-air dryer. The web speed was 1.54 m/min and the drying time was 2.3 min.
Sintering at a temperature of more than 300°C in the R2R inline process was not possible
in this system. Therefore, the coated CFFs was sampled and sintered in an offline furnace.
The deposited amount of silver nanoparticles and density of the composite obtained were
4.05 mg/cm2 and 0.52 g/cm3, respectively. Finally, EMI SE of the R2R processed sample
was 102±2.4 dB (double layer), as shown in figure 2.12(e). The measured values were
superior to those obtained with the hand-held spray coater with a similar amount of coated
silver nanoparticles because the spray stream was uniformly deposited on the CFFs web
while the web was transported at a constant speed. This can be seen indirectly through the
excellent uniformity of the silver-coating on the sample shown in figure 2.12(d).
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Figure 2.12 Manufacture of R2R silver coated CFFs composite. (a) A schematic of the R2R
silver nanoparticle ink coating process onto CFFs web substrate, (b) the R2R platform used
in the experiment, (c) A photograph of a piece of CFF and a silver coated CFFs, (d) A
photograph of the spray coating of silver nanoparticle ink during transfer of the CFFs web
substrate, (e) EMI SE measurement result of the prepared silver coated CFFs.

An anticorrosion test22 for the R2R silver coated CFFs composite was performed
as shown in figure 2.13. The composite was immersed in tap water for up to 5 days and
evaluated for electrical conductivity and EMI SE. Figure 2.13(a) compares the SE of the
sample immediately after R2R processing and the sample after 5 days of immersion in tap
water. Each sample shows an SE of 102±2.5 and 89±1.9 dB, SE difference of 13 dB, which
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is not large as shown in figure 2.13(b). However, the composite was observed to have
slowly degraded in tap water (see figure 2.14 for the measured SE of anticorrosion tested
samples). This is because the silver material was slowly oxidized in the tap water and the
atmosphere,31 therefore, lamination of the prepared composite is needed, just as is done on
solar cell devices to ensure stability.32 In other respects, however, the stability of this
composite is acceptable when comparing its resistance values with the anticorrosion data
of copper films in the literature.33 Figure 2.13(c) shows the resistance change (R/R0) during
anticorrosion test in tap water, where R is the measured resistance and R0 is the initial
resistance value, i.e., the pristine sample. The silver coated CFFs sample showed a
resistance increase of up to 1.17 times in the tap water test and showed excellent stability,
but the copper film shows an increase in resistance up to 6 times and was very quickly
oxidized in tap water.

Figure 2.13 Anticorrosion test of silver coated CFFs composite. (a) SE comparison
between the R2R silver-coated CFFs and silver-coated CFFs immersed in tap water for 5
days, (b) SE change of silver coated CFFs as immersion times in tap water from 0 to 5
days, and (c) Resistance change of the fabricated composites and copper films.15
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Figure 2.14 SE of silver coated CFFs composites with different immersion time of (a) 0
day (no immersion), (b) 1 day, (c) 2 days, (d) 3 days, (e) 4 days, and (f) 5 days, in tap water.

Figure 2.15 indicates the comparison of the EMI SE, SSE, and ASE between the
fabricated silver-coated CFFs composites and previous studies.34-38 Compared with the
previously reported values in the literature,39-44 the as fabricated silver coated CFFs showed
highest EMI SE as shown in figure 2.15(a). The maximum EMI SE obtained was 104 dB
for a CFFs coated with silver content of 21 wt% and a thickness of 636 μm via hand-held
spray coater. In contrast, the CFFs coated with 17 wt% of silver to the thickness of 455 μm
in the R2R platform showed a SE of 102 dB. However, a representative example with a
comparable thickness like the composite of the present study was obtained with an MXenes
(Ti3C2Tx), which showed an EMI SE performance of 68 dB at a thickness of 11 μm.21 The
fabricated silver coated CFFs have a moderate SSE of 77–194 dB∙cm3/g and ASE of 4266
dB∙cm2/g compared to previous studies,26, 43, 45, 46 as shown in figure 2.15(b). In contrast to
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the results reported in the literature, whose EMI SE performance can be attributed to bulk
metals such as aluminum foil34 or are manufactured with complex and energy-intensive
methods that are not amenable to high-speed large-area processing such as electrospinning,
chemical vapor deposition and freeze-drying techniques,26, 47, 48 the spray coating process
reported in this work for depositing silver on CFFs yields high EMI SE values, is simple,
fast, low-cost and is amenable to high-speed processing on large form factor substrates.

Figure 2.15 (a) EMI SE, (b) specific EMI SE, and (c) absolute EMI SE of silver coated
CFFs with the previous literature.

2.5 Conclusions and Outlook
In summary, we have obtained a significant high EMI shielding performance for
flexible weaved carbon fiber fabrics spray-coated with silver nanoparticle ink on a R2R
platform. Total EMI SE, SSE and ASE results are comparable to the best performing labscale-based materials and processes previously reported in the literature in terms of
thickness and density. With a total EMI SE, SSE and ASE of 102 dB, 194 dB∙cm3/g and
4266 dB∙cm2/g, respectively, all obtained on 460-μm-thick Ag-coated carbon fabric with a
density of 0.52 g/cm3, these results suggest that R2R spray coating of conductive metal
inks such as silver on CFFs substrates is an economical, promising, and scalable approach
for manufacturing fabrics with exceptional EMI shielding effectiveness. In the future, it is
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expected that the metal deposition process based on these CFFs can be applied to various
techniques such as magnetron sputtering49 and electroless plating50 as well as solutionbased processes.
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3 FABRICATION OF HIGH PERFORMANCE
OPTICALLY TRANSPARENT COPPER MESH FOR
ELECTROMAGNETIC INTERFERENCE (EMI)
SHIELDING
3.1 Introduction
3.1.1 Optically Transparent EMI Shielding Materials
Electromagnetic interference (EMI) pollution causes harmful effects on electronic
equipment as well as living creatures.1, 2 As we mentioned in chapter 2, there is an urgent
need to develop novel high-performance EMI shielding materials3, especially optically
transparent EMI shielding materials that are required to observe the external environment
and can be used in visual-observation-required areas, such as transparent windows for
detectors, mobile devices as well as EMI protecting materials in military utilities.4
Meanwhile, such material needs to maintain an effective EMI shielding property within a
certain band.
There are varieties of transparent shielding materials reported in the literature.
Currently, transparent films with high conductivity have been well studied and developed.
One of the most typical materials is Indium tin oxide (ITO) film, which is the best
transparent conductive oxide (TOC) and used as commercial EMI shielding materials. It
has moderate EMI shielding effectiveness (SE) and high transparency within the visible
range. However, ITO films require high processing temperatures. They are fragile and poor
in stiffness, which are difficult to process and cannot support the mechanical requirements
in most application areas.5 Other transparent EMI shielding materials, such as carbon-based
materials, are extensively studied and become promising. They possess excellent chemical
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stability, optical properties as well as electrical performances.6 Especially for graphene and
carbon nanotubes (CNTs), which possess superiority in their high electrical conductivity
and flexibility.7,

8

However, the fabrication processes for CNT and graphene are

complicated,9 which is difficult for large-scale production and quite expensive. Moreover,
a random networks formed by carbon nanowires, such as CNTs, have intrinsic drawbacks
of large contact resistance at their junctions between nanowires. Furthermore, high optical
transparency and high EMI SE of CNT or graphene films are hard to maintain at the same
time. For example, monolayer graphene has a visual transparency of 97.7%, which is
comparable or even better than ITO film. However, only 2.27 dB of EMI SE is obtained.10
Though increasing the thickness of graphene film can improve the EMI SE, a good visual
transparency cannot be maintained. It has been verified that compared with single-layer
graphene, a double-layer graphene film provides an extra 3 dB, yet a sharp drop in optical
transparency is inevitable.11 Overall, carbon-based materials suffer from reciprocal
limitation between electrical performance and optical transmissivity due to lack of
freedoms in design. Therefore, other material systems and fabrication processes are studied
and developed.

3.1.2 Metallic Networks
Metallic networks, which involve metallic nanowires and metallic meshes, have
attracted considerable attention and been well studied for designing flexibility. Although
metallic nanowires can be simply processed under solution base, they have drawbacks of
percolation and contact resistances at nanowires junctions, which is similar to the CNT as
was mentioned above. In contrast, metallic meshes can diminish this percolation as well as
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high resistances between metallic wires. Conductive metallic meshes of millimeter line
space and microscale line width possess visual transmission and high reflection of
microwaves.12 Literature have reported the fabrication of metallic meshes based on the
materials, fabrication methods as well as pattern design aspects. For example, Z. Jiang et
al13 reported the fabrication of flexible and transparent nick mesh for EMI shielding
application. They introduced a novel type of double-layer metallic mesh (DLMM), which
had random structured nickel meshes mechanically embedded on both sides of the flexible
substrate via facile inverted film processing. The designed DLMM films achieved high
shielding effectiveness (46.9 dB) in X-band range and high transmittance (88.7%) within
visible light. H. Lee et al14 also fabricated mesh patterns, which are composed of multiple
metals either electroplated or electroless plated on top of the substrate. The EMI shielding
results showed the highest SE over 30 dB. Y. Han et al12 fabricated the large-area metallic
mesh films by a lift-off method, which is based on a crackle templates prepared under a
novel emulsion with controllable cracking features. Such crack-template based metallic
mesh finally achieved EMI SE of ~26 dB and optical transmittance of ~91%. Other
fabrication methods are also widely used. For example, nanoimprint lithography can be
used to fabricate the nanomeshes.15, 16 Although high productivity, issues such as sticking
and wearing lead more complexities in the fabricating process. The above mentioned
methods include lithography coating and etching17, as well as crack templated based
method12. These methods required advanced instruments, also the fabricating process is
quite complicated that cannot achieve large scale fabrication. Therefore, we need to pursue
a fabricating method, which is low-cost and easy to process.
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3.1.3 Metallic Meshes: Design of Patterns
Although the work that we mentioned above achieved excellent shielding
performance as well as optical properties, experimental design flexibility on materials
choices and fabrication methods are still limited. In contrast, the design of metallic mesh
pattern plays a significant role in controlling the EMI shielding performance and optical
properties for their large free space of pattern design. Different shapes and sizes of the
patterns were studied and reported in literatures. A common issue for periodic mesh
patterns is the stray light caused by diffraction, which severely decrease the quality of
images.18 This effect can be reduced by forming random patterns or selecting a nonuniform pattern. However, the flexibility of the design is limited, and the different patterns
effects are uncertain. Thus, research that are focused on the design of patterns become
promising and efficient way to decrease the diffraction of energy. For example, H. Wang
et al19 reported a nested multi-ring array metallic mesh (figure 3.1), which had high
shielding effectiveness as well as high performance in visible light transparency. The
single-layer NMA-MM diffraction distribution is quite uniform. This is because the
dissimilar diagonal distributions of red and blue rings constitute a new basic unit cells,
which are complex, thus increase the diffraction distribution uniformity. Also, the
diameters and arrangement of those rings resulted in a dispersive arrangement, thus
decrease the diffraction energy. The EMI SE reached to a maximum of 37 dB at 12 GHz.
The normalized optical transmittance reached to 90%.
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Figure 3.1 (a) Schematic design of the double-layer NMA-MM structure, showing the
incident electric and magnetic field orientations. (b) Illustration of a multi-ring array
metallic mesh of the NMA-MM. Image adapted from Ref. [19].

Other literature reports have also described the fabrication of optically transparent
EMI shielding materials with specific pattern designs. The most common and basic one is
the square mesh pattern. For example, Z. Liang et al20 fabricated the EMI shielding
materials, which contained nanomeshes. The thermal evaporating, ultraviolet (UV)
lithography and ion beam etching (IBE) were used to fabricate 500 nm thick copper
nanomeshes (figure 3.2(a)). The simulative results were in good accordance with the
experimental data, which was over 40 dB and 85% transmittance as shown in figure 3.2(b
& c). However, the UV lithography involved multiple steps to fabricate the designed
pattern within a limited size of the substrate, which is not cost-effective or efficient. Thus,
other low-cost and high productive methods are needed.
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Figure 3.2 (a) Flow chart of the fabricating process. (b) Experimental and simulative results
for (s) EMI SE; (c) Optical transmittance in the VIS and NIR spectra from 400 to 1800 nm.
Image adapted from Ref. [20].

3.1.4 Laser Carbonization
The pyrolysis processes, thermochemical decomposition of polymer materials,
eliminate the oxygen, and yield carbon. Excellent electrical resistivities have been achieved
by these methods. However, they have common drawbacks, such as time consuming, high
conditional requirement for facilities as well poor surface quality of the sample. On the
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other hand, laser-fabrication methods have been explored as highly efficient, low-cost,
low-energy and precision material processing techniques, and are of particular interest.21
In industry, laser techniques are mostly used for cutting, engraving, welding, cladding or
surface marking. It provides a patterning method, which is eco-friendly and potentially
biodegradable materials for electronic devices.22 A famous laser-patterning method is
applied on polyimide (PI) substrate, which carbonizes at high temperatures. However, indepth studies about its processing-property-structure relationship are still insufficient and
not fully understood. There are several key parameters involved in the laser-carbonizing
system: laser power (P), vertical distance of laser beam waist to the substrate (D) as well
as the scanning speed of laser beam (S). R. Wang et al23 has quantitively studied their
relationship. They derived the laser energy (E) vs. P, D and S equation as:
𝑃

𝐸 = 𝑘 𝑆𝑤

(3.1)

Where 𝑘 is a constant related to the optical property of PI. 𝑤 is the waist size of the
laser beam at D. Based on this equation, qualitatively understanding the morphology
changes was possible. They observed large-sized of pores, which are separately dispersed
within an interconnected porous skeleton formed by small-sized pores. They proposed that
those pores generated under a temperature (T) of 2,100 K, which is close to the
decomposition T of imide group. Thus, a large number of pores were observed due to the
release of nitrogen gas during the decomposition process. Raman study of the laser
carbonization is important, especially for EMI shielding materials. Figure 3.3 shows the
corresponding results under different laser carboning parameters. Based on the ratio of D
band to G band, which represents the defects present within graphene structure, they
summarized that less defective graphitic structure and higher quality of graphene would be
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obtained under high P, low S, and small D. This can also be revealed by full width at half
maximum of the 2D band (FWHM2D), where the decrease of FWHM2D illustrates the
smaller number of graphene layers.

Figure 3.3 Raman spectra of the direct laser writing generated carbon lines at varied laser
processing conditions (LPC). (a) LPC1: P = 3.0, 4.0, 5.0, 6.0, 7.0 W, S = 70 mm s−1, D =
0 μm; (b) LPC2: S = 120, 105, 84, 70, 60 mm s−1, P = 6.0 W, D = 0 μm; (c) LPC3: P =6.0
W, S = 70 mm s−1, D = −1000, −750, −500, −250, 0 μm. Data adapted from Ref. [23].

3.1.5 Plating Methods: Electroplating and Electroless Plating
Plating the surface of a substrate can enhance and protect the interior part to make
it more resilient to corrosion over time and improve its appearance. Plating, which includes
electroplating and electroless plating, is used to fabricate passive devices on dielectric
surfaces to improve their conductivity. It serves many functions in electronic devices
within vehicles as well as many objects such as bath taps and gas burners. Both types of
plating methods have merits and disadvantages. For electroplating, electricity, which is
used to reduce the dissolved metal cations, is applied in the process. When we apply
electrical potential (pulsed or direct current) between the cathode (connected to the
negative terminal) and anode (connected to the positive terminal), ions start to transfer
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within the electrolyte. The current through the circuit should be adjusted to the extent that
the rate of the anode being dissolved equals the rate at which the cathode is plated. This
deposition process involves two stages of nucleation and growth. Ions transfer from the
solution to the surface of the cathode and are reduced by the transferred negative charges,
thus metal atoms are generated during this process. Further diffusion of the metal atoms
into the metal’s crystalline lattice leads to grain growth.24 Different from other deposition
methods, electroplating is not limited to smooth 2D surfaces. N. Lazarus et al25 reported
the selective metallization of 3D printed electronic systems by using a copper sulfate
solution, which was desirable to plate all the conductive regions with copper (figure 3.4).

Figure 3.4 Schematic of selective metallization of 3D printed electronic board. Figure
adapted from Ref. [25].
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In contrast, electroless plating involves the production of depositions from
solutions of metal ions without applying an external source of electrical energy. This
process involves the coating of a more noble metal in the electrochemical series onto the
surface of a less noble metal. For example, iron can be plated with copper when immersing
within copper ions solutions. Although electroless plating is a simpler plating process that
eliminates the need for an external power station, it has few applications due to their thin
coatings with poor adhesion between substrates and metal layers.

3.2 Research Objectives
In this project, we fabricated visible light transparent EMI shielding material. We
used CO2 laser carbonization method to partially carbonize the surface of PI substrate with
mesh patterns, followed by electroplating of copper on top of the carbonized mesh lines.
Different sizes of the mesh patterns were designed in AutoCAD. We controlled the total
carbonized area for each sample the same by adjusting the line width and distance between
each line. We studied the pattern design effect on EMI SE. The SE reached to over 45 dB
with a stable performance after 35 days in air atmosphere, which is comparable to the
previous research.20, 26, 27

3.3 Experiment Section
3.3.1 Materials
Kapton® Polyimide film (0.005 inch) was purchased from American Durafilm.
Rolled Copper foil (0.001 inch thick, 6 inches wide) was bought from Nimrod Copper
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Company. CO2 laser cutter (VLS 3.50, 30 W, 110V/10A, 24×12 inches, wavelength: 10.6
µm) was from Universal Laser Systems, Inc. Copper plater solution (copper sulfate =75
g/L and sulphuric acid, 66° electronic grade = 200 mL/L) was purchased from LPKF Laser
& Electronics company. AutoCAD program was used to design the mesh pattern. A power
supply box (model: 382260, 80W Switching DC Power Supply, Extech) was purchased
from Extech Instruments. Letter sized polyethylene terephthalate/ethylene-vinyl acetate
(PET/EVA) film (0.01 inch thick, 11.5×9 in2) was purchased from McMaster-Carr
industrial equipment supplier.

3.3.2 Laser Carbonization of Polyimide
Commercial polyimide substrate (0.005 inch) was taped down on the substrate
stage within the laser cutter chamber. We used 18 watts of laser power for the carbonization
of designed mesh patterns. The total carbonized area for each sample was kept the same by
adjusting the line width and the distance between each line. The nominated line widths
were: 200 µm, 400 µm, 800 µm and 1600 µm; the distances between each line were
designed to be: 0.635 mm, 1.27 mm, 1.91 mm, and 5.08 mm, respectively (figure 3.5).
After carbonization, we used the doctor blade to wipe out the carbon flakes, which were
loosely attached on the surface of the carbonized line. Furthermore, air blow was used to
blow off the extra powder on the surface. It is worth mentioning that this blowing step is
important, especially it helps improving the following electroplating step. The unstable and
unadhered carbon can lead to the poor bonding of electroplated copper. Figure 3.6 showed
the comparison of samples with/out air blowing. We observed carbon flakes were loosely
attached on the edges of the carbonized area.
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Figure 3.5 Four different designs of mesh patterns (left to right): line widths: 200 µm, 400
µm, 800 µm and 1600 µm.

Figure 3.6 Comparison of laser carbonized sample (a) without air blow; (b) with air blow.

3.3.3 Electroplating of Copper
The laser carbonized mesh samples were then immersed into the copper sulfate
solution with a stir bar for further plating. Mesh samples were connected to the cathode;
the copper foil, which was used to provide enough copper ions to the copper sulfate
solution, was connected to the anode. The temperature of the plating solution was set to 65
°C. We fixed the voltage of the power supply to be 0.5V, the current was 0.9 A~1.7 A
accordingly. Samples were plated for 2 hours under this condition. Furthermore, we cut the
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plated sample into a specific size (1.69×2.95 cm2) and laminated it with PET/EVA film to
protect the copper from oxidation. Experiment flow is shown in figure 3.7.

Figure 3.7 Experiment flow of laser carbonization followed by electroplating and
lamination for EMI shielding measurement.

3.4 Results and Discussion
Figure 3.8 shows the optical image of laser carbonized polyimide with the line
widths of 210±10 µm, 448±13 µm, 799±11 µm and 1743±20 µm, respectively. After air
blowing of the extra carbon flakes at the surface of the carbonized lines, we observed clear
edges for each sample. Outside the carbonized area, polyimide substrate still kept its
original state without obvious shape deformation. Figure 3.9 further shows the tilted (15°)
SEM images of the carbonized area. For 210±10 µm-line-width sample, laser beam
scanned the surface one time to fabricate a single carbonized line. For 448±13 µm-linewidth sample, laser beam scanned the surface two times to generate a single carbonized
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line, which we manually adjusted the distance between the two scanned lines in Illustrator
program and made it as close as the nominated line width (400 µm). For 799±11 µm-linewidth sample, the laser beam scanned the surface six times to generate a single carbonized
line. It is worth mentioning that even the scanning time for 799±11 µm-line-width sample
is six times that of 210±10 µm-line-width sample, the actual carbonized line width is not
six times (actual times is around four, 799 µm compared to 210 µm). This is because we
designed the laser beam to carbonize the polyimide with an overlap between each scan to
a certain extent. Through this way, we can adjust the carbonized line width to our
nominated design. Without such adjustment, the carbonized line would be wider, which is
beyond the range of nominated design. For 1743±20 µm-line-width sample, the laser beam
scanned the surface 10 times to generate a single carbonized line.
Figure 3.10 further shows the cross-section of the carbonized line. We observed the
laser partially carbonized the polyimide substrate without damage to the area below. A
zoom-in SEM image in figure 3.10(b) shows a porous structure of the carbonized area.
This formation of the micron-scaled pores was due to the decomposition of imide groups.
During this decomposition process, nitrogen gas was released, thus causing the generation
of large amounts of pores.
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Figure 3.8 Optical image of laser carbonized polyimide with the line widths: (a) 210±10
µm, (b) 448±13 µm, (c) 799±11 µm and (d) 1743±20 µm.

Figure 3.9 Tilted (15°) SEM images of the carbonized area with different line widths: (a)
210±10 µm, (b) 448±13 µm, (c) 799±11 µm and (d) 1743±20 µm.
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Figure 3.10 Cross section of SEM image for carbonized line.

To study the constitution of the carbonized area, we further look through the Raman
spectroscopy as well as the XRD spectroscopy. Figure 3.11 (a) shows the Raman spectra
of laser carbonized area under different powers of the laser beam (4.5 W, 12 W and 18 W).
All of them were featured by three groups of bands: D-band (1350 cm−1), G-band (1580
cm−1), and 2D band (2650 cm−1), which were corresponding to amorphous carbon with
defects, perfectly organized hexagonal sp2 carbon network as well as graphene structure,
respectively. We observed the higher power of laser beam, the lower ratio of D/G band,
which represented the fewer defects within the graphitic area. Moreover, a higher laser
beam led to sharper 2D peaks, which represents the fewer layers of graphene. Thus, based
on this result, we used 18 W laser beam in our system for high-quality graphene and
graphitic carbon network with fewer defects. Figure 3.11(b) showed the XRD spectra of
carbonized area. We observed a peak at 26.5°, which corresponds to the diffraction line C
(002). This showed a typical crystal structure of graphite. A wider and lower intensity peak
appeared near 26.5° represented a combination graphene structure between crystalline and
amorphous phases. And this was also confirmed by the other literature.28
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Figure 3.11 (a) Evolution of the Raman spectra of laser carbonized area, (b) XRD spectra
of laser carbonized area.

After electroplating copper on the surface of the laser carbonized lines, we observed
relatively homogeneous plating as shown in figure 3.12. Copper was plated only on the
carbonized lines without blocking the visible transparent polyimide area. Line widths were
slightly increased for each sample, which was due to the copper crystal growth at the edges
of lines. To keep the sample nominations consistent with the laser carbonizing samples,
here, we still used the laser carbonized line widths, instead of the plated copper line widths
to differentiate each sample. Figure 3.13 shows the SEM images of the cross-section area
for each plated sample. Each plating thickness was within the range between 122~132 µm.
Figure 3.14(a) showed the Raman spectra of plated copper. Bands at the position of 151
cm-1, 220 cm-1 and 630 cm-1 identified the copper oxide. Although we plated the copper on
the surface of carbonized lines, copper was easily getting oxidized under air atmosphere,
thus partially transfer to copper oxide. The diffraction peak of samples at 2θ of 43°, 51°
and 74° corresponded to the characteristic face centered cubic copper lines indexed as
(111), (200) and (220), respectively (figure 3.14(b)).
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Figure 3.12 Optical image of electroplated copper after laser carbonization of polyimide
with the line widths of 210±10 µm, 448±13 µm, 799±11 µm and 1743±20 µm.

Figure 3.13 SEM images of the cross-section area for line width of (a) 210±10 µm, (b)
448±13 µm, (c) 799±11 µm and (d) 1743±20 µm.
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Figure 3.14 (a) Evolution of the Raman spectra of electroplated copper, (b) XRD spectra
of electroplated copper.

After electroplating of copper, we tested the EMI SE of the samples. Figure 3.15(a)
shows the shielding results of the laser carbonized samples before copper plating. We
observed that while we decreased the width of the carbonized line (decrease the distances
between lines), the SE tended to increase, especially between 210±10 µm and 1743±20 µm
samples. After the samples were electroplated with copper, SE increased for each sample
(figure 3.15(b)). We observed a similar phenomenon that while we decreased the width of
the electronic conductive line, the SE tended to increase from ~ 10 dB to over 45 dB. To
compare with the commercial material, we also showed the SE of woven wires of stainless
steel (open area: 45%, thickness: 350 µm) (figure 3.15(d)). Our best result (over 45 dB)
shows a higher SE compared with the commercial stainless steel over the frequency range
of 8-12 GHz. Figure 3.15(c) compares the averaged SE for each sample. After
electroplating with copper, EMI shielding is improved compared with the non-plated one.
This was further evidenced by their conductivities as shown in figure 3.16. Apparently, the
copper electroplated sample showed a higher conductivity compared with a non-plated
85

sample. Although the conductivity of the copper electroplated sample was lower than
commercial copper, it offered enough conductivity to achieve the commercial requirement
of SE (20 dB).29 We calculated the total visual transmittance (Ttotal) of the copper
electroplated samples based on the modified equation (1)30:
Ttotal=

(𝐿−𝑙)2
𝐿2

×T

(3.2)

where L and l represent the pitch and line width of the mesh square. T represents the
transmittance of polyimide. The transmittance of polyimide within the visible spectrum is
shown in figure 3.17. The calculated Ttotal for 210±10 µm, 448±13 µm, 799±11 µm and
1743±20 µm samples at 700 nm wavelength were 29%, 27%, 21% and 28%, respectively.

Figure 3.15 (a) EMI SE of laser carbonized mesh patterns on polyimide substrates. (b) EMI
SE of copper electroplated samples. (c) Overall comparison of averaged SE among laser
carbonized samples and electroplated samples. (d) Image of commercial stainless steel.
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Figure 3.16 Conductivity comparison among laser carbonized samples, electroplated
samples, and commercial copper.

Figure 3.17 Optical transmittance of a polyimide substrate.
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Furthermore, we study the EMI shielding stability of copper electroplated
materials. The results are shown in figure 3.18. Each sample shows a relatively stable
performance of EMI shielding over a testing period of 35 days. We observed a slight
decrease of SE from 14 days to 35 days for 1743±20 µm sample. This is mainly due to the
partial oxidation of copper transferred to copper oxide, which is not conductive and
decreases the conductivity of the material leading to a decrease in EMI SE.

Figure 3.18 Stability test over 35 days window for each line width of sample: (a) 210±10
µm, (b) 448±13 µm, (c) 799±11 µm and (d) 1743±20 µm.

3.5 Conclusions and Outlook
In summary, we have designed and fabricated visual transparent copper mesh for
effective shielding of EMI. Compared with other methods, such as lithography, direct
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writing and crack-template based methods, laser carbonizing and electroplating methods
can offer a low-cost and simple process. EMI SE values were compared based on different
pattern designs. Our best results showed a SE over 45 dB. The transmittance reached to
29% at wavelength of 700 nm. This work provides some references for the potential pattern
design of the fabrication of copper mesh with excellent visual transparent as well as high
performance in EMI shielding.
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4 MICROWAVE-ASSISTED EXFOLIATION AND ACID
DENSIFICATION OF GRAPHITE FOR
ELECTROMAGNETIC INTERFERENCE (EMI)
SHIELDING
4.1 Introduction
4.1.1 Conductive Polymers
Motivated by environmental questions and a wide variety of applications, we need
to design and fabricate materials with high efficiency to shield the EMI waves. For metallic
shielding materials, electromagnetic waves are primarily reflected at their surface, which
only protect the environment beyond the shielding materials. Recently, studies have been
focused on the fabrication of polymeric electromagnetic interference (EMI) shielding
materials, which increase the ratio of absorption, thus further decrease the EMI pollutions.
They possess flexibility, light weight, low cost, corrosion resistivity and easy shaping
properties. However, most polymeric materials are intrinsic electrical insulated, which
makes them transparent to electromagnetic signals.1 Compared with the common polymers
and metallic materials, conducting polymers (CPs) possess not only outstanding EMI
shielding property as metal, but also retain the common properties for polymers, such as
light weight, flexibility as well as corrosion resistivity. Thus, CPs become increasingly
popular in recent years.
CPs can be categorized into two types: intrinsic conducting polymers (ICPs) and
conducting polymer composites (CPCs). ICPs are a unique class of polymers that arise
from a different backbone chemistry, which includes alternating double-single bond
structures coming from chemical or electrochemical doping. Such structure reduces the
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surface resistivity and therefore increase the conductivity. Several typical ICPs include:
polyacetylene (PA)2, polypyrrole (PPy)3, polyaniline (PANI)4, poly(p-phenylene-vinylene)
(PPV)5 and poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)6, etc.
Among them, PPy and PANI are the most common ICPs that are used for EMI shielding
application. Though the improved electrical conductivity was achieved compared with
other conventional polymers, ICPs have poor processability, which extremely limit their
broad applications in industry. This is also the main reason that ICPs have struggled to be
fully commercialized. There are two classic approaches to balance between conductivity
and processability of ICPs: chemical doping and polymeric chemistry. Chemical doping
became promising in recent years. By using certain dopants, an increasement in
conductivity has been observed in ICPs, which can achieve a similar performance as
indium-doped tin oxide (ITO). However, such chemical doping is limited to thin layer of
ICPs film coated on substrate. Moreover, post processing (solvent exposure and heating)
is required after doping, which further makes it an undesired method for industry
fabrication.7-11
Compared with ICPs, CPCs attracts more interests in recent years. CPCs are by far
the most developed materials, which involves dispersing conductive fillers, such as copper,
silver, nickel, and carbon-based powders, within polymer matrices. CPCs can achieve
excellent electrical conductivity with low conductive fillers. They are flexible in material
design from conductive filler aspect as well as polymer matrices. Based on the requirement,
different types, shapes, and sizes of conductive fillers can be chosen. The fillers used in
CPCs can be categorized into three types: carbon-based powders, metallic particles, and
dielectric fillers. Compared with metallic and dielectric fillers, which are high weight and
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easily getting aggregation, carbon-based materials are more desired as fillers owing to their
light weight, anti-corrosion ability as well as comparative conductivity. Thus, carbonbased materials are being widely studied in EMI shielding area recently. Carbon black12-14
and carbon fiber15-17 have been initially studied and observed to have EM shielding
effectiveness. Recently, other carbon particles (graphene,18,

19

single-walled carbon

nanotube (SWCNT),20, 21 multiwall carbon nanotube (MWCNT)21, 22), which possess high
aspect ratio, have received increasing interest.

4.1.2 Carbon-Based Filler: Graphene
Graphene, which is a single layer of carbon atoms tightly packed into a hexagonal
lattice, become a promising material for its unusual electronic properties and exceptionally
high crystal quality. It can derive to form 0D fullerenes, 1D single layer nanotubes and 3D
graphite, thus is widely used for as many carbon-based materials.23 In 20th century,
although graphene has been studied for over sixty years, strictly speaking, single layer
graphene was presumed not to exist in the free state and unstable due to the formation of
curved structures such as fullerenes and nanotubes. It was found that the melting
temperature of thin films rapidly decreases along with the thickness decrease. The thin film
(typically dozens of atomic layers) thus become unstable mainly due to the segregation into
islands or decomposition into parts. For this reason, atomic monolayers are only existing
within 3D structures. Until 21st century, free-standing graphene was found, followed by the
upcoming experiments to further confirm.24 The 2D structure is intrinsically stable when
extracting from 3D structure by gentle crumbling in the 3rd direction.25 Graphene started to
become a rapidly rising star as a novel material.
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Typically, two characterization methods are used to identify graphene structure. XRay Diffraction (XRD) and Raman spectroscopy. The XRD pattern of graphene shows a
broad peak around 26.5°. The higher the intensity of this peak represents the higher
crystallinity degree of the graphene. In Raman spectra, D band at around 1,350 cm-1
represents the disorder degree of the crystalline domain of carbon. The G band at around
1,580 cm-1 reflects the sp2 bond structure of carbon. The intensity ratio of D to G band is
used to evaluate the quality of the graphene structure. The higher the D/G is, the more
defects within carbon crystal structure. The 2D peak at around 2,700 cm-1 can be used to
evaluate the number of layers for graphene. The sharper the 2D band is, the fewer the layer
is of graphene.26

4.1.3 Microwave-Assisted Exfoliation
Currently, exfoliation of graphite to generate graphene is regarded to be most
promising for large-scale production. Thermal heating, such as microwave-assisted or
flash-assisted, can be used to exfoliate the graphite. Especially for microwave heating,
which is well-known for its high efficiency feature, is very promising in graphite
exfoliation. Y. Zhu et al27 used microwave-assisted method to reduce and exfoliate the
graphite oxide powder at 700 W for 1 min under ambient atmosphere. The observed large
volume expansion accompanied with sparking and fuming. S. Park et al28 mixed 10%
graphene nanosheets with graphite oxide to increase the heating efficiency, thus achieved
efficient exfoliation and reduction under microwave heating.
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4.1.4 Acid Densification
Literature has shown the densification results on carbon nanotubes (CNTs)
system.29 The molecular π orbitals have certain number of nodes, which depends on their
energy level (higher energy level orbital has more nodes). Such nodes can be regarded as
“+” of “-” in electron cloud distribution. In other words, electrons in higher energy π
orbitals can be interpreted as localizing closer to some carbon atoms compared with other
carbon atoms. This results the CNT performs locally positively or negatively charged while
charged neutrally as a whole molecule. Due to this charge distribution, CNTs perform like
polar molecules, which tend to absorb water around its surface (figure 4.1). Treating the
CNT with concentrated sulfuric acid can stabilize the water layer. Further treating with
concentrated chlorosulfonic acid, a thinner water layer can be formed. This is due to the
highly hygroscopic and polar of chlorosulfonic acid, thus enhancing the charge separation
of CNTs. Upon removing the water layer, chlorosulfonic acid infiltrates into the inner tube.
Consequently, the attractive forces between adjacent CNTs increase. The evaporation of
chlorosulfonic acid can further densify the CNTs. Graphene/graphite have similar
molecular structures, with positive and negative charges in electron cloud distribution.
Thus, the acid densification mechanism can be applied to their systems.
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Figure 4.1 Formation of water layer around individual CNT due to charge separation on
CNT surface (only one molecular layer is shown). Reproduced from Ref. [29].

4.2 Research Objectives
In this project, we used the commercially available graphite under the assistance of
microwave heating to produce graphene/graphite composites. Followed by two-step acid
treatment, we anticipate densifying the graphene/graphite composites, which further
improves the mixing results with polymer matrices. We observed an improvement in EMI
shielding performance for microwave-exfoliated/acid-treated graphite compared with the
pristine graphite. Future work will be focused on the study of mechanical properties for
such graphite polymer composites.

97

4.3 Experimental Section
4.3.1 Materials
Graphite (>99%, molecular weight: 12.01 g/mole, melting point: 3650 °C) was
purchased from Techinstro Industris. The SYLGARDTM 184 silicon elastomer kit
(polydimethylsiloxane (PDMS)), which contains silicone elastomer base and curing agent,
was purchased from Dow Silicones Corporation. Sulfuric acid (assay percent range: 95-98
w/w%) was purchased from Thermo Fisher Scientific Inc. Chlorosulfonic acid (assay:
≥98%) was bought from Sigma Aldrich chemical company.

4.3.2 Microwave Assisted Exfoliation of Graphite
40 mg of pristine graphite was weighted and put inside a 250 mL PyrexTM bottle,
which was filled with Argon gas in glove box. The sample was then directly put inside the
microwave oven, laydown the PyrexTM bottle to avoid the generated heat melt the plastic
cap during the microwave heating. The microwave was switch on for 1min to thermally
exfoliate the graphite. To fabricate a large scale of exfoliated graphite, this process was
repeated for 30 times.

4.3.3 Strong Acid Treatment
The as exfoliated graphite was dispersed in concentrated sulfuric acid (pH=2)
within 1L PyrexTM bottle under 110 °C with a stir bar for 24 hours, followed by washing
with deionized water for 3 times. Conspicuous densification of graphite happened after
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further treatment with chlorosulfonic acid (pH=2) for 24 hours. The final product was
washed with ethanol for 5 times to completely washout the extra acid. The ethanal solvent
within PyrexTM bottle was first evaporated under nitrogen air blow. Then the product was
put within an oven with the set temperature of 150 °C for 24 h for completely drying out.

4.3.4 Fabrication of Graphite/PDMS Composites
For convenience, we designate pristine graphite as PGr, the as modified graphite as
MGr for the following description. MGr nanopowders with different loadings (1wt%,
3wt%, 5wt%, 7wt% and 10wt%) were mixed with PDMS elastomer base and curing agent
(elastomer base : curing agent = 8:1) through speed mixer for 3 min under step-mixing
(800 rpm for 15 s, 1,000 rpm for 15 s, 1,600 rpm for 15 s, 1,800 rpm for 15 s and 2,350
rpm for 2 min). The well-mixed MGr/PDMS composite was then poured into a rubber mold
and cured under 75°C for 8 hours. Finally, 3 mm-thick MGr/PDMS composites with
different loadings were fabricated (figure 4.2). The same loadings of the PGr/PDMS
composites were also fabricated as control samples. It is worth mentioning that without
microwave exfoliation and strong acid treatment, 10wt% PGr nanopowders were not
mixing well with PDMS. Thus, we are not able to show the results of 10wt% PGr/PDMS
composites as a comparison to 10wt% MGr/PDMS.
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Figure 4.2 Fabrication of 3 mm-thick sample with 1 wt% loading of MGr/PDMS within
rubber mold.

4.4 Results and Discussion
Figure 4.3(a) shows the Raman spectra of exfoliated graphite under different
microwave times. Compared with pristine graphite, the microwave exfoliated graphite
gradually showed the 2D peak from 20 s to 60 s. Especially starting from 25 s, the intensity
of D peak largely diminished, along with the D/G ratio decrease. This represented that there
are fewer defects of carbon in the system after microwave exfoliation. The 2D peak also
became obvious after 25 s. Especially for 60 s microwaved sample, the full width at half
maximum became smaller, suggesting that the number of layers of graphite became fewer.
Figure 4.3(b) shows the XRD spectra of exfoliated graphite under different microwave
times. We observed diffraction peaks at 26.5° and 43°, which represented the typical (002)
and (100) planes of graphite.
Figure 4.4 shows the SEM image of the graphite from different modification status.
We observed that the morphology of the pristine graphite was maintained even after 60 s
of microwave exfoliation and strong acid treatment without destroying the 2D or 3D shape
into smaller parts of flakes. The TEM image in figure 4.5 shows the effective exfoliation
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of pristine graphite. We observed the layer of pristine graphite became thinner after 60 s
microwave exfoliation. After strong acid treatment, we observed the morphology of 2D, or
3D graphite were mostly maintained, along with a small number of smaller parts of flakes
appeared after strong acid treatment (figure 4.5(c)).

Figure 4.3 (a) Raman spectra of microwave exfoliated graphite under different time. (b)
XRD spectra of microwave exfoliated graphite under different time.

Figure 4.4 SEM image of graphite: (a) pristine graphite; (b) 60 s-microwaved graphite; (c)
strong acid treated graphite.

101

Figure 4.5 TEM image of graphite: (a) pristine graphite; (b) 60 s-microwaved graphite; (c)
strong acid treated graphite.
Figure 4.6 shows the shielding effectiveness for different loadings of PGr/PDMS
and MGr/PDMS composites. We observed that shielding effectiveness increased from
PGr/PDMS composites to MGr/PDMS composites, especially for 5wt% and 7wt%. This is
mainly due to the strong acid treatment improved the mixing quality of the graphite fillers
and PDMS. With the homogeneous mixing between the fillers and polymer matrix, the
continuous conductive path within the composites was established, thus further improved
the EMI shielding performance.
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Figure 4.6 Shielding effectiveness of different loadings of PGr/PDMS and MGr/PDMS
composites.

4.5 Future Work and Outlook
For future work, we plan to study their mechanical properties, especially the tensile
test as well as the indentation test. Although the MGr/PDMS composites have an excellent
EMI shielding performance, their poor mechanical properties for high loading samples can
limit their broad application, which is also a common issue for other carbon-based or metalbased composites. We believe improving their mechanical properties and maintaining their
EMI shielding performance at the same time will be a significant progress in this area.
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